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ABSTRACT 
Red pine seedlings alternate between root and shoot production in a periodic 
fashion. This habit is referred to as episodic growth and is assumed to be con­
trolled by endogenous plant growth regulators. This project was concerned with 
the role played by cytokinins in the control of episodic growth. 
After confirming the existence of episodic growth in red pine seedlings, a car­
rier solution was optimized and a series of exogenous application trials was con­
ducted. Only those solutions containing a surfactant and N®-benzylaminopurine 
(BAP) produced an observable response. Foliar applications of BAP induced the 
formation of an apical cluster of buds. As the BAP concentration was increased 
from 2.5 to 200 mg/1, there was a corresponding increase in the number of buds 
formed. Hypocotyl length and the percentage of the induced buds that elongated 
were inversely proportional to the BAP concentration used. The response to 
BAP, as affected by seedling age and application number, was also determined. 
The younger the seedlings were when they received their first BAP treatment 
and the more applications they received, the greater the reduction in hypocotyl 
growth. As the number of BAP applications increased, the number of buds 
formed was proportionately greater. As the age at which seedlings received their 
first treatment of BAP increased, the percentage of buds that elongated de­
creased. When the same carrier solution, containing 200 mg/1 BAP, was applied 
to the potting mix in which the seedlings were grown, axillary bud development 
along the hypotocyl was promoted. Germinating seeds were also treated with the 
same solution. Longer exposures to BAP resulted in progressively shorter hypo-
cotyls and needles and in lower survival. 
The origin of the buds induced by BAP was characterized histologically. The 
BAP treatments were found to induce precocious axillary bud development and 
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adventitious bud formation. The suitability of this bud cluster for micropropaga­
tion of red pine was also explored. 
Because the CKs produced by red pine have never been identified, they were 
qualitatively characterized. The cytokinins produced by roots and shoots were 
identified based on the retention times of biological activity on Sephadex LH-20 
and Spherisorb ODS-2. Zeatin and zeatin riboside (ZR) were both found in the 
basic fi-action of root and shoot extracts. The presence of ZR in both tissues was 
confirmed by GC-MS analysis. Evidence for the presence of dihydrozeatin 0-glu-
coside in the shoot basic fraction and for zeatin 0-glucoside in the roots is also 
presented. Zeatin riboside monophosphate, isopentenyladenosine monophos­
phate (iPMP) and glucosyl phosphate derivatives were found in both root and 
shoot acidic fractions. The presence of iPMP in both tissues implies that cyto-
kinin biosynthesis is occurring throughout the plant. Evidence suggesting the 
presence of a phosphorylated derivative of zeatin 0-glucoside in the roots is 
presented. 
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GENERAL INTRODUCTION 
Seedling Growth and Establishment 
Red pine (Pinus resinosa Ait.) is a commercially important species found 
throughout the north central and northeastern United States. Unfortunately, 
attempts at reestablishing this species are frequently met with failure. Red pine 
growers agree that larger seedlings are needed to improve outplanting survival 
(Eggleston and Sharp, 1986). At present, underdeveloped red pine seedlings 
must be kept in the greenhouse or nursery bed longer than related species in 
order to achieve greater height growth. If smaller stock is outplanted, there is a 
greater need to control competing vegetation through the use of herbicides and to 
protect seedlings from herbivory. These mitigating measures are expensive and 
their costs justify searching for treatments that will enhance height growth. 
Red pine is a fixed grower, which means that all stem units that elongate in 
the current year are laid down in the terminal bud during the previous growing 
season (Doak, 1935; Duff and Nolan, 1958; Sucoff, 1971). Although height 
growth is influenced by the extent to which the preformed stem units elongate, 
and, therefore, by the environmental conditions during the current year, differ­
ences in annual shoot increment are primarily a function of the number of stem 
units formed in the terminal bud during the previous growing season (Lanner, 
1976). 
Stem unit number can be altered by increasing the rate of stem unit initia­
tion (i.e., by shortening the plastochron, the time interval between initiation of 
consecutive primordia) or by increasing the length of the initiation period. Sucoff 
(1971) estimates that the red pine plastochron varies from greater than one day 
for sterile scale initiation in the early spring to about three hours during mid­
4 
summer. No attempts have been made to alter the plastochron experimentally 
so nothing can be said about the possibility of shortening it. However, it may be 
possible to increase height growth by lengthening the period during which stem 
units are initiated. 
It is known that red pine needle length is positively correlated with moisture 
supply (Strothmann, 1967; Glerum and Pierpoint, 1968; Clements, 1970). Sucoff 
(1971) has also demonstrated a positive relationship between rates of needle 
elongation and stem unit formation. Paterson (1987) went on to explain that be­
cause the rate of needle elongation reaches a maximum when buds are formed 
and because both processes are sensitive to moisture stress, the former can be 
used to predict the level of bud development. Therefore, needle length can be 
used to judge the potential of various treatments to produce greater height 
increments. 
Because the extent of root development controls the rate of water absorption 
and needle elongation is sensitive to moisture supply, needle length is also indic­
ative of root development. Paterson and Fay le (1984) demonstrated that the pro­
portion of needles flushed and their length at the end of the growing season were 
highly correlated with root activity. Considering that a seedling's capacity to pro­
duce new roots after outplanting is related to its early survival and growth 
(Stone, 1955; Burdett, 1979; van den Driessche, 1983), Paterson and Fayle a^ed 
the proportion of needles flushed and their length at the end of the growing sea­
son as a means of predicting the degree of seedling establishment. 
Episodic Growth 
Based on the foregoing evidence and red pine's growth pattern, it would ap­
pear that root activity influences shoot growth by doing more than just improving 
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the seedling's water and nutrient absorption capacity. It is thought that roots 
produce chemical signals that are involved in the control of shoot development. 
Drew (1982) provided indirect evidence for this claim when he demonstrated that 
red pine seedlings alternate between root and shoot production throughout the 
growing season (Drew, 1982). This behavior, he contends, allows the seedling to 
maintain a Amctional equilibrium between its roots and shoots. This same 
growth pattern has been observed in other species of pine (Ledig et al,, 1976; 
Drew and Ledig, 1980) and is referred to as episodic growth. Even though surges 
in root and shoot growth have never been correlated with changes in endogenous 
levels of any of the plant grovyth regulators (PGRs), they have been implicated in 
the control of episodic growth, through circumstantial evidence (Drew, 1982). 
Objectives of the Study 
Cultural treatments are used by growers to alter seedling development in an 
attempt to produce seedlings better adapted for survival on a given site (Duryea, 
1984; Iverson, 1984). Although there may be a physiological basis for these treat­
ments, they are often developed through a process of trial and error. If the inter­
nal mechanism by which seedlings control their own growth and development 
was better understood, it might be possible to devise more effective strategies for 
manipulating seedling development in order to enhance seedling establishment. 
With this in mind, the overall goal of the project begun by the research described 
in this dissertation is to understand the role PGRs play in the control of red pine 
seedling development. More specifically, this research is concerned with the role 
cytokinins (CKs) play in the control of episodic growth. 
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Explanation of the Alternate Dissertation Format 
Before characterizing the endogenous CKs of red pine, it was first necessary 
to confirm the existence of episodic growth (Section I). Once this was accom­
plished, evidence was needed for the involvement of CKs in the control of shoot 
development. For this purpose, a carrier solution was optimized and a series of 
exogenous application trials was undertaken (Section II). Cytokinin treatment 
did influence shoot development, but not in the expected manner. Instead of 
promoting shoot growth, exogenously applied CKs induced the formation of a 
terminal cluster of adventitious buds and provoked a short-lived outgrowth of 
existing primordia. The origin of these buds was characterized histologically 
(Appendix A), and their suitability for the clonal propagation of red pine was 
explored (see Appendix B). 
Once it was shown that CK treatment altered shoot development, the next 
step was to search for a correlation between endogenous CK levels and surges in 
shoot growth. However, because the CKs produced by red pine, or any other 
pine, have never been identified unambiguously, qualitative characterization had 
to precede quantitative determinations. Section III reports on the CKs identified 
in the shoots of red pine and Section IV reports on the CKs identified in the roots 
of red pine. 
Apart firom the gas chromatography-mass spectrometry work, which was 
conducted by Mr. J. K. Heald (Technician, Department of Biological Sciences, 
University College of Wales, Aberystwyth, Dyfed, Wales, U, K.), all other work 
described in this dissertation was performed by the first author (the Ph.D. 
candidate) of all four publications. 
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LITERATURE REVIEW 
Early work in the area of plant tissue culture has provided convincing evi­
dence for the involvement of CKs and auxin in the control of plant growth and 
morphogenesis. Although direct evidence is still lacking, the examination of two 
other experimental systems has led to complementary results. Using the moss 
Physcomitrella patens and the organism responsible for crown gall disease, 4^ro-
bactenum tumefaciens, workers have been able to demonstrate a correlation be­
tween plant morphogensis and endogenous levels of CK and auxin. The major 
findings in these three areas are summarized in the remainder of this section. 
Exogenously-applied PGRs Control Plant Development 
In what is now considered a classic experiment, Skoog and Miller (1957) 
demonstrated that quantitative interactions between CK and auxin provide a 
mechanism for the regulation of plant organogenesis. When undifferentiated 
tobacco pith callus was cultured on an agar-based medium containing 2 mg/1 
indole acetic acid (lAA, an auxin) and 0.02 mg/1 kinetin (a CK), root primordia 
were initiated in the callus. As CK levels were increased, while holding the 
auxin level constant, the callus went through a phase of rapid, undifferentiated 
growth. Eventually, with further increases in CK (to between 0.5 and 1.0 mg/1), 
shoot primordia were initiated in the callus. This landmark discovery has be­
come the basis for virtually all plant tissue culture being done today. However, 
tissue culture studies constitute a form of exogenous application and do not pro­
vide conclusive evidence for the developmental roles of PGRs. 
8 
Criticism of Exogenous Application Experiments 
The simplest way to determine if a substance is involved in the control of a 
developmental event is to provide an exogenous supply and observe the plant's 
response, such as was done by Skoog and Miller (1957). However, the results of 
exogenous application studies using PGRs are diflScult to interpret because so 
little is known about mechanisms of uptake, transport, inter- and intracellular 
localization, the responsiveness of cells and tissues to PGRs, and metabolic path­
ways leading to activation and catabolism (Medford et al., 1989). Due to the wide 
range of possible fates, physiologically unrealistic concentrations of an exogen-
ously-applied PGR are needed to elicit the response to which it is attributed. 
This observation has led to a controversy within the field of PGR research. 
On one side there are those who believe that because dose-response curves for 
exogenously-applied growth substances can span four to six orders of magnitude, 
whereas changes in the corresponding endogenous compounds are rarely outside 
the two to 10-fold range, the morphogenetic response seen is most likely due to a 
change in the plant's sensitivity to the substance rather than a change in its con­
centration (Trewavas, 1983). In an opposing argument, Horgan (1987) wrote: 
"Given the multitude of biochemical events that may attenuate the concentration 
of an externally-applied hormone before it reaches its site of action, it would 
seem naive to believe that the dose-response relationships for endogenous com­
pounds will have the same logarithmic forms as those for the externally-applied 
compounds." 
One way to resolve this hotly contested issue is to induce physiologically real­
istic increases in the level of a given PGR in vivo and observe its developmental 
effect. Prior to the recent molecular biological revolution, this approach was not 
technically possible in higher plants. In the interim, classical genetic studies 
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using bryophyte mutants have provided some insight into the roles played by CK 
and auxin in the control plant development. 
The Use of Bryophytes as a Model System 
Plant growth regulators such as cytokinin and auxin are known to be syn­
thesized by microorganisms as products of secondary metabolism (Sembdner and 
Gross, 1986). However, there is no evidence that these chemicals play any regu­
latory role. It is generally believed that in contrast to animal systems, where the 
steroid and peptide hormones co-evolved with their receptors, PGRs seem to have 
become incorporated into the plant's regulatory system following receptor evolu­
tion. The bryophytes appear to be the simplest plant in which such a regulatory 
system evolved. Because of their relative simplicity, it is easier to study cytokin­
in and auxin mode of action in mosses first and then apply this knowledge to 
higher plants (Johri, 1988). 
The moss Physcomitrella patens is frequently used to investigate growth reg­
ulation and development because it is technically convenient for doing physiologi­
cal and classical genetics studies. The normal gametophytic development of P. 
patens initially involves the growth of branched filaments called chloronemata. 
This stage is followed by the production of a second type of tissue, caulonemata, 
that consists of long, radial, peripheral filaments of tubular cells which are long­
er and thicker than the chloronemal cells. Together the caulonemata and chloro­
nemata constitute the protonema. Eventually, caulonemal side branches give 
rise to gametophores, consisting of a stem and leaves. When wild-type (W-T) 
strains of P. patens were treated with naphthalene acetic acid (NAA, an auxin), 
gametophore production was decreased, some remained in the bud stage, and 
many short, thick rhizoids arose from their surfaces. In contrast, treatment of 
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the W-T strain with 6-benzylaininopurine (BAP) induced a massive increase in 
gametophore production. The same BAP concentration that induced this re­
sponse also inhibited rhizoid production (Ashton et al., 1979a). 
A series of P. patens mutants altered in their response to CKs and auxin 
have been isolated by Ashton et al. (1979a). Clones derived from chemically 
mutagenized spores, and screened for growth on high concentrations of auxin 
and/or CK, fell into three distinct categories, those resistant to: 1) both BAP and 
NAA, 2) only NAA and 3) only BAP. Those mutants that were resistant to exog-
enously-supplied BAP exhibited a normal phenotype only when pre-treated with 
auxin. Similarly, those mutants that were resistant to auxin were repaired by an 
exogenous supply of BAP. The authors reasoned that CK-resistant mutants were 
deficient in their auxin biosynthetic pathway and that the auxin-resistant mu­
tants were incapable of CK biosynthesis. Based on their findings, the authors 
proposed a model in which cytokinin sensitivity was auxin-dependent and auxin 
sensitivity was CK-dependent. The authors concluded that both CKs and auxin 
were necessary for normal gametophytic development. 
In another report, Ashton et al. (1979b) described the isolation of several 
distinct classes of P. patens mutants (OVE) which overproduce gametophores. 
When cultured on minimal media, these OVE mutants resembled the W-T strain 
grown in the presence of BAP (i.e., overproduction of gametophores). The au­
thors suggest that the OVE mutants overproduce endogenous CK(s) as a result of 
either an increase in the rate of biosynthesis or a decrease in the rate of degra­
dation. Comparative analysis revealed 25-100 times more isopentenyl adenine 
(iP) in the culture medium of OVE than was present in the medium on which the 
W-T strain was grown (Wang et al., 1981a). When the OVE mutants were fed [8-
14]]adenine, radioactively-labelled iPA was detected in the culture medium and 
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labelled isopentenyl adenosine (iPA) and its nucleotide were detected in the gam-
etophytic tissue (Wang et al., 1981b). Unpublished work on CK catabolism de­
tected no difference between W-T and OVE strains (Cove and Ashton, 1984). 
Thus it appears that gametophore overproduction is in fact due to CK overpro­
duction. 
To date, no auxin-overproducing P. patens mutants have been isolated. 
However, using a gas chromatography-mass spectrometry (GC-MS) technique 
developed by Magnus et al. (1980), which includes 4,5,6,7-tetradeutero-indole-3-
acetic acid as an internal standard, Ashton et al. (1985) have detected indole-3-
acetic acid (lAA, an auxin) in P. patens protonemal tissue. In another moss, 
Funaria hygrometrica, an inverse relationship was detected between caulonema-
ta production and lAA oxidase activity (Johri, 1974,1975; Johri and Desai, 1973). 
Because lAA stimulates caulonemata production, it seems likely that moss mor­
phogenesis is controlled, in part, by modulating rates of hormone degradation 
through the activity of catabolic enzymes (Cove and Ashton, 1984). 
The Use of Crown Gall for Studying Plant Morphogenesis 
Recent advances in plant molecular biology have furnished techniques for 
studying morphogenesis in higher plants. Crown gall (a disease caused by ^ ro-
bacterium tumefaciens) provides a convenient means of directing endogenous 
PGR biosynthesis. By generating a series of mutant strains through transposon 
insertion within the transfer deoxyribonucleic acid (T-DNA) region of the tumor-
inducing (Ti) plasmid, it was possible to induce the formation of abnormal crown 
gall tumors on infected plants. When an insertion occurred within what is now 
referred to as the tmr region, the resulting mutant strain incited tumors with 
roots proliferating from the tumor callus. A mutant strain resulting from an 
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insertion within what is now known as the tms region of the T-DNA incited tu­
mors with shoots growing from the tumor callus (Garfinkel et al., 1981; Ooms et 
al., 1981). 
Using radioimmunoassay, Akiyoshi et al. (1983) measured lAA and total 
zeatin rihoside-like CK levels in tumors incited on tobacco stems by W-T, tms 
mutant and tmr mutant strains of A tumefaciens.. Tumors incited by the tmr 
mutant contained about 129 picomoles lAA /gram fresh weight callus (pmol 
lAA/g FW) and 0.54 pmol zeatin riboside (ZR)/g FW, leading to a ZR:IAA ratio of 
0.004. Tumors incited by the tms mutant strain contained about 1,400 pmol ZR/g 
FW and 70 pmol lAA/g FW, yielding a ZR:IAA ratio of 20. Tumors induced by W-
T strains contained about 48 pmol ZR/g FW and 295 pmol lAA/g FW (ZR:IAA= 
0.16), whereas uninfected plants contained about 0.97 pmol ZR/g FW and 128 
pmol lAA/g FW (ZR:IAA=0.001). 
Barry et al. (1984) were the first to show that the tmr locus encodes the 
genetic information for isopentenyl transferase (ipt), the enzyme responsible for 
catalyzing the first step in CK biosynthesis (Chen, 1982). This work was inde­
pendently confirmed by Akiyoshi et al. (1984) and Buchmann et al. (1985). Sub­
sequently it was shown that two other genes within the T-DNA region encode en­
zymes catalyzing the biosynthesis of auxin (Schroder et al. 1984; Van Onckelen 
et al., 1985; and Van Onckelen et al., 1986). 
As anticipated, interrupting the gene which encodes ipt (i.e., the tmr muta­
tion) led to tumors with lower levels of ZR and normal levels of lAA. The reduced 
levels of lAA in tumors incited by tms mutants were also predictable. However, 
the tremendous increase in ZR levels in the same tumors was completely unex­
pected. This suggests that the change in tumor morphology may be more a func­
tion of CK concentration than lAA concentration. 
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Recently, by means of GC-selected ion monitoring-MS using and %-
labelled internal standards, McGaw et al. (1988) quantified all of the major CKs 
produced in tobacco crown gall tumors incited by W-T, tms mutant and tmr 
mutant strains of A tumefaciens. From their detailed analysis of the major CK 
metabolites, it was concluded that the increased CK levels seen by Akiyoshi et al. 
(1983) were a result of a reduction in CK side-chain cleavage. This conclusion 
was confirmed by Palni et al. (1988), who, using partially purified enzyme ex­
tracts, demonstrated that cytokinin oxidase activity is inhibited by auxin. 
Transforming Higher Plants with PGR Biosynthetic Genes 
The cvtokinin biosvnthetic gene 
During crown gall infection, any DNA present between the direct repeat bor­
der sequences of the T-DNA region on the Ti plasmid is randomly inserted into 
the plant genome (Holsters et al., 1983; Wang et al., 1984). For example, by 
removing all DNA but those sequences which encode ipt, this gene alone will be 
inserted into the plant. Thus, in addition to providing a means of directing syn­
thesis of CK and auxin, A. tumefaciens can be used as a vehicle for introducing 
foreign genetic material into plants (Klee et al., 1985). However, the inserted 
gene would be expressed constitutively hy Agrobacterium's weak promoter. 
The Agrobacterium genes encoding the enzymes responsible for CK and 
auxin biosynthesis have been placed under the control of a strong, constitutively-
expressed plant promoter in petunia {Petunia hybrida). The effects of CK and 
auxin overproduction were dramatic. Transgenic CK-overproducing petunias 
were difficult to regenerate and were incapable of rooting. The plants that did 
survive showed a lack of apical dominance and were very green. These effects 
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were consistent with roles assumed to be played by CKs in the control of plant 
development. The responses of transgenic auxin-overproducing petunia plants 
were also consistent with its assumed roles: complete apical dominance, greater 
intemode length, leaf curling, a doubling of xylem and phloem production, and 
parthenocarpic fruit production (Klee et al., 1987a). These results provided ad­
ditional supportive evidence for the roles played by CK and auxin but a regulated 
system of synthesis was needed to provide definitive proof of the roles played by 
CK and auxin. 
The heat shock genes provide such a system. Under conditions of elevated 
temperatures (usually 10±4° C above normal) plants rapidly switch from tran­
scription and translation of normal messenger ribonucleic acid (mRNA) to heat 
shock mRNAs. The resulting proteins impart thermotolerance of what would 
otherwise be lethal temperatures (Key et al., 1987). The promoter providing for 
thermal induction in Zea mays (hsp 70) has been isolated by Rochester (1986). 
This promoter has recently been fiised to the auxin and CK biosynthetic genes of 
Agrobacterium and used to transform tobacco (Nicotiana plumbaginifolia) and 
Arabidopsis thaliana (Medford et al., 1989). 
Heat induction of the transgenic tobacco plants caused ipt mRNA to accum­
ulate and led to the following increases in endogenous CKs: zeatin (Z), 52-fold; 
ZR, 23-fold; and zeatin riboside 6'-monophosphate (ZMP), two-fold. At control 
temperatures, ZR and ZMP increased to levels three and seven times W-T levels, 
respectively, indicating that the chimeric gene is expressed to some extent even 
in the uninduced transgenic plants. Despite the differences between the induced 
and uninduced transgenic plants, increased CK levels in both produced the same 
effects, namely, release of axillary buds, reduced stem growth and leaf area, and 
an underdeveloped root system. These results suggest a threshold above which 
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additional CK has no further effect on development. 
The auxin biosvthetic genes 
Unlike CK biosynthesis, the pathway employed hy Agrobacterium to syn­
thesize auxin is different from that used by plants. In Agrobacterium, there are 
two gene products involved in auxin biosynthesis. The product of the first gene, 
iaaM, converts tryptophan to indoleacetamide (lAM); the second gene (iaaH) 
product converts lAM to lAA. Klee et al. (1987b) fiised the first gene to the cau­
liflower mosaic virus (CaMV) 19S promoter and used this construct to transform 
petunia. Although the CaMV promoter is constitutively expressed in petunia, 
plants normally do not contain 1AM; therefore, an auxin-induced response was 
not expected. However the 19S/iaaM transformants exhibited characteristics 
normally attributed to a change in the concentration of endogenous auxin. When 
lAA levels were measured in these transformants, they were found to be 10 times 
those found in the control tissue. Although the mechanism by which these plants 
converted lAM to lAA is still unknown, the authors maintain that their data 
support the notion that absolute amounts of endogenous auxin are responsible 
for auxin's control over development. 
Thus, regulation of CK and auxin biosynthesis at the genetic level confirms 
earlier evidence for the role CKs and auxin play in the control of plant develop­
ment. 
The Decision to Analyze for Cytokinins 
Obviously, identifying endogenous PGRs in higher plants, including trees, is 
a crucial step in studying their developmental roles. Because PGRs occur in such 
minute quantities and are often difficult to separate from other components pres­
ent in plant extracts, specialized physicochemical techniques have been devel­
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oped for isolating, identifying and quantifying PGRs. The time and effort re­
quired to conduct these analyses has, in many cases, forced researchers to con­
centrate on a single family of PGR when assessing the developmental roles 
played by PGRs. 
It would appear that, at least in red pine, shoot and root development are 
inextricably linked. Cytokinins, which are assumed to be synthesized in root tips 
(Radin and Loomis, 1971; Engelbrecht, 1972; Short and Torrey, 1972; Feldman, 
1975; Skene, 1975; Van Staden and Davey, 1979) and exported to the shoot in 
the xylem, are thought to be involved in the regulation of shoot development 
(Burrows and Carr, 1969; Alvim et al., 1976; Purse et al., 1976; Mozes and Alt-
man, 1977; Van Staden and Davey, 1979). Ironically, CKs are also potent growth 
inhibitors of the tissue within which they are produced, the roots (Darimont et 
al., 1971; Scott, 1972; Svensson, 1972; Goodwin, 1978). Because of our interest in 
root development and because the effect of CKs on roots and shoots is interrelat­
ed, it was decided to assess the role CKs play in the control of episodic growth in 
red pine seedlings. 
Cytokinin Diversity 
Cytokinins, unlike most other classes of PGRs, are defined physiologically 
rather than structurally. It is universally agreed that "a cytokinin is best defined 
as a compound which, in the presence of optimal auxin, induces cell division in 
tobacco pith or similar tissue cultures (e.g., soybean callus, carrot secondary phlo­
em); in its other activities a cytokinin also resembles kinetin, the first known 
cytokinin" (Letham, 1978). With few exceptions most naturally-occurring cyto­
kinins are N®-substituted adenine derivatives. The two major exceptions are 
dihydroconiferyl alcohol and N,N'-diphenylurea. The former, originally found in 
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maple (Granath and Schuerch, 1953), is not active in all cytokinin bioassays (Lee 
et al,, 1981). Hence, it is not considered universally to be a CK. Diphenylurea, 
on the other hand, is known to suppress the activity of CK oxidase, the primary 
catabolic enzyme of CKs. Therefore, it may mimic CK activity by reducing CK 
catabolism. 
It is generally agreed that the primary pathway for CK biosynthesis in plants 
is through the condensation of isopentenyl pyrophosphate and adenosine 5'-mon-
ophosphate (AMP), to form isopentenyl adenosine 5'-monophosphate (iPMP) and 
pyrophosphate (McGaw, 1987). The 5' phosphate and the ribosyl moieties are 
subsequently cleaved, enzymatically, to form isopentenyl adenosine (iPA) and iP, 
respectively. The latter three compounds (iPMP, iPA and iP) constitute the first 
major class of CKs found in plants, the iP derivatives. Both iP and iPA can be 
stereospecifically hydroxylated at the terminal methyl group in the trans position 
of the side chain (Miura and Hall, 1973; Einset and Skoog, 1973; Laloue et al., 
1977), giving rise to the second major class of CKs, zeatin and its derivatives 
(e.g., Z, ZR, etc.). Side-chain saturation of Z-type CKs results in the correponding 
dihydrozeatin derivatives (Sondheimer and Tzou, 1971; Palmer et al., 1981), the 
third major class of CKs. 
In addition to CK-ribosides, glucosides and amino acid conjugates have been 
reported. A glucosyl moiety can be conjugated, via a B-D linkage, to the hydroxyl 
group on the side chain (Horgan, 1975; Parker et al., 1978), or to the 3, 7 or 9 ni­
trogen atoms of the purine ring (Parker and Letham, 1974; Parker et al., 1973; 
Letham et al., 1975; Entsch et al., 1979). There is even evidence for an unusual 
CK metabolite in which a glucosyl moiety is attached to a ribosyl moiety which is, 
in turn, attached to N® of the purine ring (Taylor et al., 1984). Finally, an N® 
alanyl derivative of zeatin has been isolated from lupine (Parker et al., 1978). 
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The Necessity of Qualitative Characterization 
There is now evidence for 38 naturally-occurring CKs (Qamaruddin, 1989a), 
No one plant is known to be capable of synthesizing all 38 but each one produced 
is thought to serve a specific function. For example, the CK-glucosides are con­
sidered to be storage forms, the CK-ribosides are considered to be transport 
forms and the free bases are considered to be active forms of CK (Van Staden and 
Davey, 1979; Laloue and Pethe, 1982). In Zea mays, Z, ZR, zeatin 0-glucoside, 
zeatin riboside 0-glucoside, dihydrozeatin 0-glucoside, and dihydrozeatin ribo­
side 0-glucoside have been identified using physicochemical techniques. There­
fore, in order to obtain meaningful results, the endogenous CKs must be quali­
tatively characterized before attempting quantitative determinations. 
Evidence for CKs Controlling Pine Morphogenesis 
Although all plants are assumed to contain CKs, the number of CKs unam­
biguously identified in higher plants is relatively few (see Horgan, 1984 for a list­
ing), Most of the reports describing the existence of CKs in pine extracts are 
based on the presence of biological activity in an extract or the detection of bio­
logical activity with the same chromatographic properties as known CKs, For 
example, two early reports described how crude extracts from the seed ofPinus 
banksiana stimulated the growth of carrot tissue (Mauney et al,, 1952) and pine 
tissue (Loewenberg and Skoog, 1952), Later, using a tobacco bioassay described 
by Rogozinska et al, (1966), CK-like activity was detected in strips of chromato­
graphic paper used to separate the components of crude extracts derived from 
several tissues of Scots pine (Pinus sylvestris', Rogozinska, 1967). 
Pine extracts contain a variety of unknown compounds that are difficult to 
separate from CKs and which interfere with their characterization (see Discus­
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sion, Section III of this dissertation). Moreover, the equipment required for une­
quivocal indentifications (i.e., a mass spectrometer) is inaccessible to many of the 
researchers engaged in this work. Therefore, very little progress has been made 
in identifying and measuring CKs in pines. 
Recently, immunological assay procedures have been used to substitute for 
more rigorous identification and quantification techniques (Weiler, 1980; Weiler 
and Spanier, 1981). This approach has the advantages of being rapid and rela­
tively inexpensive and has the potential to be both accurate and precise. How­
ever, immunoassays are of limited value unless they have been substantiated 
using more stringent methodologies. Furthermore, because of the possibility of 
interference by unknown compounds in crude extracts and because antibodies 
raised against a given CK ofiien have a high degree of cross-reactivity with a 
range of endogenous CKs, immunoassays should be performed following chromat­
ographic purification. Both high-performance liquid chromatography (Badenoch-
Jones et al., 1984; MacDonald and Morris, 1985; Von Schwartzenberg et al., 
1988) and immunoaffinity chromatography (MacDonald et al., 1981; MacDonald 
and Morris, 1985; Hansen et al., 1989) have been used for preliminary purifica­
tion of the extracts. 
With the introduction of immunoassays, there has been renewed interest in 
the effect of CKs on pine seedling development. Haggman (1989) analyzed the 
total Z-type CKs in partially purified extracts from Scots pine buds during 
springtime, using an enzyme-linked immunosorbent assay (ELISA). He found 
that renewed bud growth was positively correlated with Z-type CK concentration. 
In an unrelated study, but using a similar approach, Qamaruddin et al. (1989b) 
detected an increase in both iPA- and ZR-type CKs just prior to bud burst in 
Scots pine. In the same study, an exogenous supply of CK stimulated premature 
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bud break. The latter group also showed a transient increase in both types of CK 
in needles prior to the increase in bud CKs. They suggested that the needles may 
be supplying CK to the buds. 
Finally, in a separate report, Qamaruddin (1989a) used an ELIS A system to 
measure iPA- and ZR-type CKs in the roots and shoots of Scots pine seedlings 
during the induction of and recovery from water stress. His results revealed re­
ductions in both CK types, in both tissues, that were proportional to the severity 
and duration of the imposed stress. In contrast, only ZR-type CK levels in­
creased in the needles during the stress-recovery period. As part of the same 
study, exogenous applications of CK increased transpiration rates in stressed 
seedlings. The author maintains that, taken together, these findings imply that 
CKs could be part of the mechanism responsible for the control of transpiration. 
More generally, he hypothesizes that CKs are involved in the transition from 
growth arrest to growth activity. 
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SECTION I. CONFIRMATION OF EPISODIC GROWTH IN RED 
PINE SEEDLINGS 
22 
INTRODUCTION 
Episodic growth is a phrase used to describe the way in which seedlings al­
ternate between root and shoot production throughout the growing season. This 
was first reported in the genus Pinus by Drew and Ledig (1980) using loblolly 
pine {Pinus taeda L.). Subsequently, Drew (1982) demonstrated the existence of 
episodic growth in red pine (Pinus resinosa Ait.). Before devoting the effort re­
quired to completely characterize the cytokinins (CKs) in red pine, it was first 
necessary to verify that red pine seedlings grow episodically. This section reports 
on a growth study which was conducted to confirm the results of Drew (1982). 
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MATERIALS AND METHODS 
Seedling Culture 
Red pine seeds were surface-sterilized by stirring them in a 10% aqueous 
solution of commercial bleach (5.25% sodium hypochlorite before dilution) for 10 
minutes, followed by one rinse with 0.01 N HCl and three rinses with sterile, 
deionized distilled water. The surface-sterilized seeds were rinsed overnight 
with tap water in a beaker covered with cheesecloth and then germinated on 
sterilized blotter paper saturated with autoclaved deionized, distilled water. 
After the appearance of a radicle hook, the seeds were individually planted in 
four-cubic-inch (65.5 cm^) Leach Pine Cells (Ray Leach Conetainer Co., Canby, 
OR, USA, 97013) filled with Terra-lite Forestry Mix (a 1:1 commercial potting 
mixture of peat and vermiculite pH-adjusted for conifer growth, W. R. Grace Co., 
Cambridge, MA, USA, 02140) at field capacity. Three weeks after sowing, 
fertilization was begun. Seedlings were treated weekly, for four weeks, using 
Peters "Conifer Starter" (7-40-17,W.R. Grace Horticultural Products, P.O. Box 
238, Fogelsville, PA, USA, 18051) diluted to 66,165 and 132 mg/1 N, P and K, re­
spectively. Thereafter, Peters "Conifer Grower" (20-7-19), diluted to 187, 29 and 
140 mg/1 N, P and K, respectively, was used for the weekly fertilization. All 
seedlings were grown in a greenhouse under 18 hour photoperiods, with incan­
descent (200 watt Sylvania Excel-line) and fluorescent (40 watt Philips-Westing-
house cool white) lamps used to extend daylengths (average photon flux density 
of 8.6 pmole/m^/s). Monthly average daytime temperatures ranged between 25 
and 30°C, nighttime temperatures ranged between 15 and 20°C. Seedlings were 
watered daily with deionized, distilled water. 
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Experimental Protocol 
One month after planting, 20 seedlings were harvested. The potting mix was 
carefully washed away from the root system of each seedling and the roots were 
separated from the shoots by severing the stem one cm above the first lateral 
root. The separated plant parts were oven-dried for 24 hr. at 70°C. After remov­
al from the oven, the seedling parts were allowed to cool in vacuo over Drierite 
for 24 hr. before weighing. As the seedlings got larger, progressively longer dry­
ing times were used. This process was repeated at weekly intervals for a total of 
26 weeks. After the fifteenth harvest, it was decided to remove the leaves from 
the stems before drying, so oven-dry weights (DWs) could be obtained for leaves, 
stems and roots separately. However, the sample size was the same (n=20) for 
the remainder of the study. 
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RESULTS 
The increase in average oven-dry weight of each plant part over the average 
dry weight of the corresponding part from the previous week was expressed as a 
percent of the increment in total seedling DW during the same interval. A graph 
showing the allocation of DW increment to the roots and shoots for the first 16 
weeks of the study is shown in Figure 1; the distribution of DW increment to the 
leaves, stems and roots over the final 10 weeks of the study is plotted in Figure 2. 
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Figure 1. Allocation of weekly DW increment to the shoots and roots of red pine 
seedlings. Shoot and root dry weights were taken at one-week inter­
vals for each of 20 seedlings. Individual points were obtained by sub­
tracting the previous week's average shoot and root dry weights from 
their corresponding values in the current week and dividing by the 
total (shoot + root) dry weight increment for the same period 
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Figure 2. Distribution of weekly DW increment to the leaves, stems and roots of 
red pine seedlings (n= 20). Calculations were performed in an analo­
gous manner to those described in Figure 1 
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DISCUSSION 
Whether looking at only roots and shoots (Figure 1) or leaves, stems and 
roots (Figure 2), it is obvious that seedlings do not allocate a fixed percentage of 
their weekly biomass increment to the various plant parts. Instead, as shown by 
Drew (1982), the seedlings alternate between favoring shoots (leaves) or allocat­
ing roughly equivalent amounts of carbohydrate to both roots and shoots in a 
very cyclic manner. These results confirm the existence of episodic growth in red 
pine seedlings. 
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SECTION IL MANIPULATING RED PINE SEEDLING DEVELOPMENT 
THROUGH EXOGENOUS APPLICATIONS OF BENZYL^ 
AMINOPURINE 
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ABSTRACT 
Red pine (Pinus resinosa Ait.) seedlings received exogenous applications of 6-
benzylaminopurine (BAP) in an attempt to modify shoot development. A range of 
carrier solutions was tested; only those carriers containing a surfactant (Tween 
20) and BAP produced observable responses. Foliar applications of BAP induced 
the formation of an apical cluster of adventitious buds. As the BAP concentra­
tion was increased from 2.5 to 200 mg/1, there was a corresponding increase in 
the number of buds formed. Hypocotyl length and the percentage of the induced 
buds that elongated were inversely proportional to the BAP concentration used. 
The response to BAP, as affected by seedling age and application number, was 
also determined. The younger the seedlings were when they received their first 
BAP treatment and the more applications they received, the greater the reduc­
tion in hypocotyl growth. A greater number of BAP treatments also induced the 
formation of proportionately more adventitious buds. As the age at which seed­
lings received their first treatment of BAP increased, the percentage of buds that 
elongated decreased. When the same carrier (an aqueous solution of Tween 20), 
containing 200 mg/1 BAP, was applied to the potting mix, instead of directly on 
the seedlings, axillary bud development was promoted along the length of the 
hypotocyl. Germinating seeds were also treated with the same solution. Longer 
exposures to BAP resulted in progressively shorter hypocotyls and needles and 
lower survival. 
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INTRODUCTION 
Red pine {Pinus resinosa Ait.) seedling growers agree that a means of pro­
ducing larger container stock is needed to improve field survival (Eggleston and 
Sharp, 1986). At present, underdeveloped container seedlings must be kept in 
the greenhouse or a nursery bed longer to achieve greater height growth. If the 
smaller stock is outplanted, there is a greater need to control competing vegeta­
tion through the use of herbicides and to protect the seedlings from herbivory. 
These mitigating measures are expensive and their costs justify the effort ex­
pended in search of treatments that will enhance height growth. 
Red pine is a fixed grower, which means that all stem units that elongate in 
the current year are laid down in the terminal bud during the previous growing 
season (Doak, 1935; Duff and Nolan, 1958; and SucofF, 1971). Differences in 
annual shoot increment are primarily a function of the number of stem units in 
the terminal bud. Although no attempts have been made at altering the rate of 
stem unit initiation, it may be possible to increase height growth by lengthening 
the period during which stem units are initiated. 
It is known that red pine needle length is positively correlated with moisture 
supply (Strothmann, 1967; Glerum and Pierpoint, 1968; Clements, 1970). Sucoff 
(1971) has also demonstrated a positive relationship between rates of needle 
elongation and stem unit formation. Paterson (1987) went on to explain that be­
cause the rate of needle elongation reaches a maximum at the time during which 
buds are formed and because both processes are sensitive to moisture stress, the 
former can be used to predict the level of bud development. Therefore, needle 
length can be used to judge the potential of various treatments to produce greater 
height increments. 
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Because the extent of root development controls the rate of water absorption 
and needle elongation is sensitive to moisture supply, needle length is also indic­
ative of root development. Paterson and Fayle (1984) demonstrated that the pro­
portion of needles flushed and their length at the end of the growing season were 
highly correlated with root activity. Considering that a seedling's capacity to pro­
duce new roots after outplanting is related to its early survival and growth 
(Stone, 1955; Burdett, 1979; van den Driessche, 1983), Paterson and Fayle (1984) 
used the proportion of needles flushed and their length at the end of the growing 
season as a means of predicting the degree of seedling establishment. 
Based on the foregoing evidence and red pine's growth pattern, it would ap­
pear that root activity influences shoot growth by doing more than just improving 
the seedling's water and nutrient absorption capacity. It is thought that roots 
produce chemical signals that are involved in the control of shoot development. 
Drew (1982) provided indirect evidence for this claim when he demonstrated that 
red pine seedlings alternate between root and shoot production throughout the 
growing season (Drew, 1982). This behavior, he contends, allows the seedling to 
maintain a functional equilibrium between its roots and shoots. This same 
growth pattern has been observed in other species of pine (Ledig et al., 1976; 
Drew and Ledig, 1980) and is referred to as episodic growth. Even though surges 
in root and shoot growth have never been correlated with changes in endogenous 
levels of any of the plant growth regulators (PGRs), they have been implicated in 
the control of episodic growth, through circumstantial evidence (Drew, 1982). 
Because PGRs are active in such minute quantities, extraction, purification 
and quantification procedures are difficult to perform. As a result, researchers 
working in this field generally confine their efforts to a single group of PGR. We 
have chosen to work with cytokinins (CKs) because they are known inhibitors of 
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root growth (Darimont et al., 1971; Scott, 1972; Svensson, 1972; Goodwin, 1978) 
and are thought to be synthesized in the tips of actively growing roots (Radin and 
Loomis, 1971; Engelbrecht, 1972; Short and Torrey, 1972; Peldman, 1975; Skene, 
1975; Van Staden and Davey, 1979). In addition, CKs are exported to the shoot 
in the xylem, where they are assumed to be involved in the regulation of shoot 
development (Burrows and Carr, 1969; Alvim et al., 1976; Purse et al., 1976; 
Mozes and Altman, 1977; Van Staden and Davey, 1979). 
There are numerous reports describing the effects of exogenously-applied CK 
on pine seedling development. Marcavillaca and Montaldi (1966) were able to 
increase fascicular bud development in three-year-old P. elliottii seedlings 
through treatment with 100 mg/1 BAP for 20 days. Cohen and Shanks (1975) 
also induced fascicular bud formation on dwarf shoots of five-year-old P. ponder-
osa seedlings that received two foliar-spray applications, a week apart, of either 
500 or 1,000 mg/1 BAP. The latter was more effective than the former and stim­
ulated even more buds when applied in conjunction with terminal bud removal. 
A similar response was seen by Cohen (1978) when a single treatment (foliar 
spray) of either 500 or 1,000 mg/1 BAP was applied to three-year-old P. strobus 
seedlings. Eight weeks after treatment, fascicular buds developed on dwarf 
shoots along the entire stem. Several of these buds elongated, giving rise to lat­
eral shoots. Furthermore, Whitehill and Schwabe (1975) reported the formation 
of intrafascicular buds along the entire length of the stems of five-year-old P. syl-
vestris seedlings in response to spraying foliage with 200 mg/1 BAP, along with a 
wetting agent, every four to five days for one month. A similar response was 
seen by Kossuth (1978), who tested three levels of three CKs for bud induction on 
the same species. 
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The response to CK appears to be not only a function of species but also the 
mode of application. When a piece of cotton, saturated with an aqueous solution 
of 250 mg/1 BAP, was placed in contact with the apical bud cluster of P. densi-
flora seedlings for 24 hours, a pale green cluster of buds formed at the tips of 
current axillary and lateral shoots. Subsequently, these buds elongated, result­
ing in the formation of lammas shoots (i.e., late season shoot growth that normal­
ly would remain dormant until the following spring; Odani, 1977). When an 
aqueous solution of 2% BAP, containing a wetting agent, was applied to one-year-
old "grass-stage" P. palustris seedlings, two to three flushes of shoot growth oc­
curred within a single growing season. This same treatment resulted in plants 
with larger buds in the fall. When higher BAP concentrations were used, pri­
mary needles proliferated at the base of the seedlings. Addition of potassium 
nitrate, thiourea and zinc sulfate enhanced the effect of BAP (Kossuth, 1981). 
While testing various carrier solutions for their effectiveness in promoting 
lateral bud development on five- and six-year-old Aôies balsamea trees. Little 
(1984) discovered that the BAP concentration needed to induce bud formation 
was beyond the solubility limit of BAP in water. To overcome this problem and 
minimize phytotoxicity, the final formulation contained 600 mg/1 BAP, 1.5% 
dimethyl sulfoxide, 13.5% methanol and 0.1% Tween 20. Spraying container-
grown red pine seedlings with this same carrier solution, containing 200 mg/1 
BAP, led to increased fascicular and terminal bud development. Despite their 
large terminal buds, treated seedlings did not elongate as much as control seed­
lings in the next growing season, although they did produce many more lateral 
buds. Moreover, this same treatment also led to decreases in needle and root 
growth and root:shoot ratios (unpublished data; see Little, 1982). 
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This information suggests that CKs are involved in the control of seedling 
development. However, before characterizing the CKs of red pine, additional 
evidence was needed for their involvement in the control of shoot development. 
It was thought that exogenous applications of CK could be used to mimic episodic 
growth by inducing a surge in shoot growth. Therefore, using the methodolgy 
outlined by Little (1984), a series of exogenous application experiments was 
undertaken. This paper reports on the results of these exogenous application 
trials. 
36 
MATERIALS AND METHODS 
Seedling Culture 
Seedlings were established and grown as described in Section I. 
Identification of Carrier Components for BAP 
Little (1984) used 13.5% methanol, 1.5% dimethylsulfoxide and 0.1% Tween 
20 in his aqueous carrier solution used to introduce 6-benzylaminopurine (BAP) 
into balsam fir (Abies balsamea) seedlings. Various combinations of these com­
ponents, in an aqueous solution, with 200 mg/1 BAP (see Table 1), were applied to 
13 seedlings twice weekly for three weeks. Treatments began 1.5 weeks afl;er 
sowing and were applied by inverting the seedling and repeatedly submerging 
the foliage until all needles were completely coated with the treatment solution 
(hereafter referred to as the "foliar dip" method). After treatment, seedlings were 
returned to an upright position and were not watered for at least 12 hours. 
Thirty-five weeks after sowing, half of the seedlings in each treatment group 
were removed firom their containers. After rinsing away the potting mix with tap 
water, the seedlings were photographed to record their development. This pro­
cess was repeated at 72 weeks. 
Determining the Optimal BAP Concentration and Mode of Application 
Aqueous solutions containing 0.075% (v/v) Tween 20 and various concentra­
tions of BAP (0, 2.5, 25, 50,100 and 200 mg/1) were applied to seedlings twice 
weekly for three consecutive weeks using the foliar dip method described above. 
Two hundred microliters (pi) of the same concentration series was applied twice 
weekly to the surface of the potting mix near the base of the stems in a separate 
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Table 1. Composition of various treatment solutions used to test the 
components of a carrier solution needed to introduce BAP into 
red pine seedlings 
Tmt. Volume^ Volume Volume Vol, BAP Volume 
Group Water^ MeOH DMSO Stock® Tween 20 
1 20.0 
2 17.3 2.7 
3 17.0 2.7 0.3 
4 16.6 2.7 0.3 0.4 
5 16.6 2.7 0.3 0.4 0.015 
6 19.7 0.3 
7 19.3 0.3 0.4 
8 19.3 0.3 • 0.4 0.015 
9 19.6 0.4 
10 19.6 0.4 0.015 
11 20.0 0.015 
12 17.3 2.7 0.015 
13 19.7 0.3 0.015 
14 16.9 2.7 0.4 
15 16.9 2.7 0.4 0.015 
^All volumes are given in milliliters. 
^Deionized distilled water was used. 
^The stock solution contained 10.0 mg/ml BAP. 
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group of seedlings during the same three-week interval. Treatments were begun 
1.5 weeks after sowing. Each treatment group contained 17 seedlings, and there 
was one set of control seedlings for each mode of application, for a total of 204 
seedlings. 
There were no obvious differences between the control seedlings and those 
growing in the cells receiving soil-surface applications of BAP, Therefore, this 
portion of the study was repeated. This time, 500 jil of a solution containing 
0.075% Tween 20 and 200 mg/1 BAP was applied to the root zone. Twenty seed­
lings were treated twice weekly for six weeks, whereas the control seedlings 
received only deionized, distilled water. 
Response to BAP as Affected by Application Number and Seedling Age 
This experiment was begun when seedlings were three weeks of age. Cotyle­
dons were fully expanded and nearly all seed coats had been shed. Benzylamino-
purine, at 25 mg/1, was applied in an aqueous solution of 0.075% Tween 20 by the 
foliar-dip method. Each treatment consisted of 10 replicate seedlings. The 
design was factorial; the number of successive BAP applications, 0.5 weeks apart, 
varied from one to six; and BAP applications were commenced at six different 
seedling ages: 3,4, 5, 6, 7, and 8 weeks. Control seedlings received no BAP (only 
water + Tween 20). 
Seed Treatment 
The effects of exogenous BAP applications on newly-germinated red pine 
seeds were also tested. After the appearance of a radicle hook, 80 of the seeds 
were immersed in an aqueous solution of 200 mg/1 BAP and 0.075% Tween 20. 
Twenty seeds were removed at each of four sampling times; 15, 30, 90, and 180 
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minutes. Immediately after removal from the treatment solution, the seeds were 
planted in Forestry Mix at field capacity in Leach Pine Cells. Twenty seeds were 
transferred directly from the blotter paper to the potting mix to serve as controls. 
Once again, the cultural practices used for the resulting seedlings are described 
in Section I. 
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RESULTS 
Identification of the Carrier Components for BAP 
The combined effect of BAP and Tween 20 was striking 13.7 weeks after 
commencing the foliar applications. When BAP and Tween 20 were applied to­
gether, the morphology of the shoot was drastically altered by the precocious de­
velopment of preformed buds and by the production of adventitious buds (Figure 
lA; histological evidence for adventitious buds is presented in Appendix A). Both 
components were required for this response; when Tween 20 or BAP were applied 
alone, there was no visible effect (Figure IB). The presence of DMSO or metha­
nol in the carrier solution also had no visible effect on red pine shoot develop­
ment. Therefore, in all subsequent experiments these components were exclud­
ed, and an aqueous solution of Tween 20 was routinely used as the carrier. 
Half of the seedlings from each treatment group were harvested 35 weeks 
after sowing to observe total seedling development. As compared to the controls, 
the BAP-treated seedlings had underdeveloped root systems, shorter hypocotyls, 
fewer primary leaves, no secondary leaves, and terminal clusters of adventitious 
buds (Figure 2A). Seventy-two weeks after sowing, the rest of the seedlings were 
harvested. Although the seedlings receiving both BAP and Tween 20 had foliar 
development similar to that of the controls, they still had underdeveloped root 
systems at the time of the final harvest (Figure 2B). 
Determining the Optimal BAP Concentration and Mode of Application 
Seedlings receiving various concentrations of BAP were photographed 5.1 
weeks from sowing. Figures 3A through 3F represent seedlings receiving 0, 2.5, 
25, 50,100, 200 mg/1, respectively, using the foliar dip technique. As the concen-
Figure 1. The effect of BAP on red pine shoot development. Treatments 
began when the seedlings were 1.5 weeks old; photos were taken 
when they were 17.5 weeks old. The scale in both photos is the 
same; the bud cluster is approximately 1 cm in diameter 
(A) A seedling which received biweekly treatments of 200 mg/1 
BAP, in an aqueous solution of 0.075% Tween 20 (the car­
rier), for three consecutive weeks 
(B) A control seedling which received the same number of appli­
cations of the carrier solution alone 
o 
Figure 2. The long-term effect of BAP on red pine root development. 
Treatments were begun when the seedlings were 1.5 weeks old. 
Seedlings received six biweekly treatments of either the carrier 
solution alone (left-hand seedling in each photo) or the carrier 
solution containing 200 mg/1 BAP (right-hand seedling in each 
photo) 
(A) 35-week-old seedlings. The scale is 6 in. (15.2 cm) long 
(B) 72-week-old seedlings. The ruler has inches inscribed on its 
left-hand edge and centimeters on its right-hand edge 

Figure 3. Seedlings representative of those receiving six biweekly treatments 
of the carrier solution containing various concentrations of BAP (0, 
2.5, 25, 50,100, 200 mg/1; A-F, respectively) applied directly to the 
foliage. Treatments were begun when the seedlings were 1.5 
weeks old; photos were taken when the seedlings were about 5 
weeks of age. The hypocotyls are about 2 mm in diameter 

47 
tration of BAP increased, there was a corresponding increase in the number of 
buds formed. Hypocotyl length was inversely proportional to the BAP concentra­
tion and the percentage of induced buds that gave rise to lateral shoots decreased 
as the concentration of BAP increased (Figures 3 and 4). 
Although some of the control seedlings had axillary buds, there seemed to be 
more seedlings with buds in the group receiving 200 mg/1 BAP on the surface of 
the potting mi% than in the controls. Because of this uncertainty, the root up­
take experiment was repeated. Seedlings contained within the cells receiving 
500 pi of 200 mg/1 BAP on the potting mix two times per week were photo­
graphed three weeks after treatments were begun. In Figure 5 it can be seen 
that the treated seedlings had visible axillary buds at various positions along 
their stems, whereas the control seedlings had no observable axillary bud 
development. 
Response to BAP as Affected by Application Number and Seedling Age 
About 10.7 weeks after the first treatment was administered, seedlings re­
ceiving various concentrations of BAP at different ages were photographed (Fig­
ures 6A-6F), The younger the seedlings were when they received their first BAP 
treatment and the more applications they received, the greater the affect on hy­
pocotyl length. A greater number of BAP treatments also induced the formation 
of proportionately more adventitious buds. Buds produced on seedlings treated 
in the first week were clustered around the cotyledons, buds produced on seed­
lings treated in the sixth week were predominantly located at the base of the 
terminal bud. Nearly all of the buds produced by the seedlings treated in the 
first week grew out. As the age at which seedlings received their first treatment 
of BAP increased, the percentage of buds that elongated decreased (Figure 6B vs. 
Figure 4. Seedlings representative of those receiving six treatments of the 
carrier solution containing various concentrations of BAP (0, 2.5, 
25, 50,100, 200 mg/1) applied directly to the foliage and 200 pi of 
the carrier solution containing 200 mg/1 BAP applied to the pot­
ting mix near the base of the seedling (in order from left to right). 
Treatments were begun when the seedlings were 1.5 weeks old; 
photos were taken when the seedlings were 23.5 weeks of age. All 
containers are 1 in. (2.5 cm) in diameter 

Figure 5. Seedlings receiving 500 pi of the carrier solution containing 200 
mg/1 BAP (three on left) and containing no BAP (three on right) 
twice weekly for 6 consecutive weeks, beginning when the seed­
lings were 1.5 weeks old. The photo was taken 3 weeks after 
treatments were begun 

Figure 6. Seedlings which received a varying number of treatments of the 
carrier solution containing 25 mg/1 BAP, at various ages. The first 
number in the two-number code (on the containers) refers to the 
age (in weeks) at which foliar applications were begun. The second 
number refers to the total number of biweekly treatments received. 
Control seedlings (labelled "C") received foliar applications of the 
carrier solution containing no BAP. Treatments were begun when 
the seedlings were 3 weeks old; photos were taken 10.7 weeks later 
» 
! 
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Figure 6D), 
Seed Treatment 
Longer exposures to BAP led to lower seed germination and seedling sur­
vival (Table 2) and commensurately shorter hypocotyls and needles (Figure 7). 
Seedlings receiving the longest exposure to BAP also exhibited malformed nee­
dles with necrotic tips (Figure 7). 
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Table 2. Percent germination and percent survival of seeds pretreated with 
200 ppm BAP and 0.075% Tween 20 
Tmt. % Germ.^ % Survival^ 
control 100 100 
15 min.® 70 70 
30 min. 65 60 
90 min. 50 45 
180 min. 35 25 
KTaken after seed coats shed, ca. 3 wks. after tmt. 
^Taken at two months from sowing. 
^Length of treatment. 
Figure 7. Seedlings resulting from germinating red pine seeds treated for 
various lengths of time with the carrier solution containing 200 
mg/1 BAP. Control seedlings received treatment with only the 
carrier. The photo was taken 9 weeks after treatment 
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DISCUSSION 
The only two components of the carrier solution needed to foster bud develop­
ment were the surfactant and BAP. If either of these was absent from the treatr 
ment solution, no buds were formed. The other carrier components tested had no 
observable affect on seedling morphology when applied singly or in combination 
with any of the other components. Therefore, it would appear that the cytokinin-
containing solution merely needs to be kept in intimate contact with the leaf sur­
face long enough for the cytokinin to be taken up by the leaf. 
As has already been stated, cytokinins are known to inhibit root develop­
ment. This effect is manifest in at least two ways. First, when applied exogen-
ously, CKs are potent inhibitors of root elongation. This has been demonstrated 
repeatedly in a wide range of species (see Darimont et al., 1971; Scott, 1972; 
Svensson, 1972; and Goodwin, 1978 for an exhaustive list of references). Svens-
son (1972) illustrated that the reduction in root growth seen in maize (Zea mays) 
and wheat {Triticum vulgare) is caused by an inhibition of cell elongation and of 
transverse cell divisions. This leads to the production of short, swollen roots, as 
observed by Wittwer and Dedolph (1963). 
The second way in which CKs affect root development is through their in­
fluence on root initiation. Cytokinins have been shown to inhibit root formation 
on petioles and hypocotyls of dwarf bean {Phaseolus vulgaris', Humphries, 1960), 
on pea (Pisum sativum) stem sections (Kaminek, 1968), on excised rye (Secale 
cereale) roots (Yang and Dodson, 1970), and on pea cuttings (Eriksen, 1974; 
Bollmark and Eliasson, 1986). The combined inhibition of root initiation and 
elongation leads to severly underdeveloped root systems. 
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Although the results of Yang and Dodson (1970) suggest that root inhibition 
is a direct result of CK application, that isn't necessarily the case in this study. 
Cytokinin applications could inhibit root growth by some as yet unknown direct 
means or by creating a stronger sink at the shoot apex (i.e., the developing bud 
cluster), thus diverting carbon away from the roots. The latter explanation is 
supported by the work of Turvey and Patrick (1979) in which kinetin promoted 
the transport of and ^^P-labelled assimilates to the site of hormone appli­
cation (stumps of decapitated Phaseolus plants). Similar results were obtained 
by Clark and Hackett (1979), who treated intact shoot tips of English ivy (Hedera 
helix) with BAP. 
In the carrier component identification experiment, the same concentration 
of BAP was used for all treatments, so root development was inhibited equally in 
all treatments in which there was an effect. The seedlings from the experiment 
used to determine the optimal BAP concentration and mode of application were 
not harvested until very much later because they were used in another experi­
ment. By the time they were harvested, there were no significant differences in 
root growth among treatments. Therefore, it is not known if the level of root in­
hibition was correlated with BAP concentration. Even so, it is difficult to disso­
ciate carbohydrate diversion from direct cytokinin inhibition because higher lev­
els of BAP induced more buds and, hence, a greater carbohydrate demand. 
It is obvious that, at the higher BAP concentrations, there are more buds 
than leaf axils. Therefore, some of these buds must be adventitious. Moreover, 
because not all primary leaf axils contain buds (Lester, 1968), BAP may be induc­
ing the development of axillary buds in addition to adventitious buds. Although 
more of the treated seedlings in the second root uptake experiment had axillary 
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buds and those with buds appeared to have more buds than the control seedlings, 
the latter were not completely devoid of axillary buds. Also, there were fewer 
buds induced by the BAP taken up through the roots, and those buds that did 
form were distributed along the hypocotyl rather than being clustered in a single 
location. 
The level of shoot stunting at various ages is, once again, difficult to attrib­
ute to direct cytokinin action. If carbohydrate is being diverted away from foliar 
production early in seedling development, there is less photosynthetic capacity 
available for future shoot development once bud formation ceases. If, on the oth­
er hand, primary needles develop prior to the onset of BAP treatment, there will 
be more leaf area to satisfy the photosynthate demand of the newly initiated 
buds as well as the remainder of the developing seedling. 
It is worth mentioning that the response to BAP was age dependent. Nearly 
all of the buds induced on the younger seedlings flushed soon after formation, 
whereas few of the buds induced on the older seedlings flushed. This may be due 
to reduced production of endogenous PGRs, to a change in sensitivity of the seed­
lings over time, or to a change in the resistance to absorption by the different 
needle types (cotyledons vs. primary needles). In addition, the enzyme system for 
interconverting or otherwise metabolizing the absorbed BAP may become deacti­
vated at a certain stage in seedling development (Stuchbury and Burch, 1987). 
Because the internal levels of cytokinin were not monitored, it is not known how 
much BAP actually got into the treated tissues or whether what got into the 
plant was converted to another form of cytokinin or metabolized. 
Until the last phase of this study (see Sections III and IV), the types of cyto-
kinins produced by red pine and their normal endogenous levels had never been 
determined. This, coupled with the uncertain fate of the absorbed BAP, made it 
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difficult to know how much to apply exogenously. Although we did not anticipate 
the observed response, we are confident of our ability to alter red pine develop­
ment. The next phase of this research will be to measure the levels of all native 
cytokinins in various tissues throughout early ontogeny. Hopefully this informa­
tion will shed some light on the mechanism for controlling episodic growth and 
other aspects of seedling development. 
Finally, it should be noted that this terminal cluster of adventitious buds 
could possibly serve as a means of micropropagating red pine. We have already 
developed a technique for sterilizing the buds and have identified the propor­
tions of exogenous auxin and cytokinin in an agar tissue culture medium needed 
to induce some of these buds to flush. Ultimately, we would like to separate the 
buds that have flushed firom the cluster and root them (see Appendix B). 
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SECTION III. IDENTIFICATION OF THE CYTOKININS IN RED PINE 
SEEDLINGS. I. THE SHOOTS 
67 
SUMMARY 
Zeatin 9-riboside has been identified in shoots ofPinus resinosa by GKD-MS 
analysis of its permethyl derivative and by its retention times on Sephadex LH-
20 and Spherisorb ODS-2. Based on retention times and susceptibihty to enzy­
matic degradation, several other cytokinins have been tentatively identified. 
These include dihydrozeatin 0-glucoside and zeatin in the basic firaction and 
zeatin 9-riboside monophosphate, isopentenyladenosine monophosphate (iPMP) 
and two glucosyl phosphate derivatives in the acidic fraction. The presence of 
iPMP suggests that cytokinin biosynthesis is occurring in red pine shoots. 
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INTRODUCTION 
Red pine seedlings exhibit episodic growth. In other words, they alternate 
between root and shoot growth in a cyclic manner. This was originally demon­
strated by Drew (1982) and was recently confirmed (see Section I). Although no 
attempt has ever been made to correlate endogenous levels of cytokinin (CK) and 
auxin to surges in root and shoot growth, it is thought that phytohormones play a 
role in regulating episodic growth (Drew 1982). 
Because of our interest in tree seedling root development (Schultz and 
Thompson 1990) and because exogenous CKs are known inhibitors of root growth 
(Scott 1972; Eriksen 1974; Stenlid 1982; Bollmark and Eliasson 1986) and are 
thought to be synthesized in actively growing root tips (Radin and Loomis 1971; 
Engelbrecht 1972; Short and Torrey 1972; Feldman 1975; Skene 1975; Van Sta-
den and Davey 1979), it was decided to begin by assessing the role CKs might 
play in the control of seedling root development. However, because CKs are 
exported to the shoot via the xylem, where they are assumed to be involved in the 
regulation of shoot development (Burrows and Carr 1969; Alvim et al. 1976; 
Purse et al. 1976; Mozes and Altman 1977), they may also be involved in the 
control of episodic growth. 
It has been shown that exogenous applications of a cytokinin, benzylamino-
purine, alters red pine seedling development (Meilan et al. 1987), To establish a 
relationship between seedling CK status and episodic growth, endogenous CKs 
must be quantified during several cycles of episodic growth. Due to the varying 
pattern of CK metabolism in different plant tissues (Palmer et al. 1981a; Scott 
and Horgan 1984), it is necessary to assess CK status in roots and shoots inde­
pendently, Before characterizing endogenous CKs quantitatively, though, they 
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must first be characterized qualitatively. This paper reports on the CKs identi­
fied in the shoots of red pine seedlings. 
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MATERIALS AND METHODS 
Source of Labelled Cytokinins 
pH]-dihydrozeatin (DHZ; 14.4 Ci mmol'l) was obtained from New England 
Nuclear (Du Pont Company, BRML-Chandler Mill, Wilmington, DE 19898). [2-
%]-adenosine 5'-monophosphate (AMP; 20 Ci mmol '^) was obtained from Amer-
sham, U.K. 
Plant Material Preparation 
The roots of six-month-old red pine (Pinus resinosa Ait.) seedlings, grown in 
Terra-lite Forestry Mix (a 1:1 commercially-prepared mixture of peat and vermic-
ulite pH-adjusted for conifer growth, W.R. Grace Co., Cambridge, MA, U.S.A., 
18051) in styroblocks (Silvaseed Co., Roy, Washington, U.S.A., 98580) with four-
cubic-inch (65.5 cm^) cavities, were rinsed free of potting mix with tap water and 
severed at the root collar with a single-edge razor. The shoots and roots were im­
mediately frozen in liquid nitrogen and stored at -70° C until they were freeze-
dried. After freeze-drying, the shoot tissue was ground in a Wiley Mill (20 mesh 
screen) and stored in vacuo over phosphorus pentoxide for two weeks, after which 
the material was sealed with Parafilm in glass jars and stored at room tempera­
ture. Fresh and dry weights (FWs and DWs) were measured on 5% of the har­
vest to determine moisture content (see Appendix C). 
Chromatography 
A column (78 cm X 2.5 cm) of Sephadex LH-20 (bead size 25-100 um, Pharm­
acia LKB Biotechnology, Inc., 800 Centennial Ave., Piscataway, NJ, 08854) was 
continually eluted with 35% ethanol (EtOH) at 30 cm^h-l. Samples were intro­
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duced via a septum-sealed injector port, and 35 SO-cm^ fractions were collected 
during each run. The column was washed with at least 11 of 35% EtOH between 
each run. 
The equipment and chromatographic systems used in high-performance liq­
uid chromatography (HPLC) have been described in detail by Horgan and Kram­
ers (1979). An analytical (150 mm X 4.5 mm) column of Spherisorb ODS-2 (Jones 
Chromatography USA, Inc., 8100 W. Hoover Place, Littleton, Co, 80123) re-
versed-phase packing material was used, and samples were eluted either isocrat-
ically or with a linear gradient of acetonitrile (CHgCN) in water, adjusted to pH 
7.0 with triethylammonium bicarbonate (TEAB), at a flow rate of 2.0 cm3 min-1 
(see figure legends for details). Fractions were collected at one-minute intervals 
and monitored using UV absorption (254 nm for underivatized compounds and 
276 nm for permethylated compounds). The column was washed with CHgCN 
between runs, and equilibrated in the starting concentration of eluant before 
each run. Occasionally the column was washed with MeOH before receiving the 
CHgCN wash. Standards were always run immediately after the samples. 
Extraction, Purification and Identification 
Approximately 14.7 g DW finely ground and lyophilized shoot material 
(equivalent to 115 g FW; see Appendix C) was extracted in Bieleski solvent I (50 
cm^/g DW) for 18 h at 20^ C to inhibit endogenous phosphatase activity (Bieleski 
1964). To this solvent, 1.28 X 10^ dpm [3H]-DHZ was added. The tissue was 
removed by filtration with Whatman no. 1 paper and resuspended in the same 
volume of Bieleski solvent II and stirred for 4 h at 4° C. After filtration, the ex­
traction solvents I and II were combined and concentrated in vacuo using rotary 
film evaporation (RFE) at 35° C to a final volume of ca. 100 cm^. This aqueous 
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portion of the extract was centrifuged at 7,600 g for 30 min, adjusted to pH 3.0 
and percolated through a cellulose phosphate column (NH4 form, pH 3.0, 200 cm^ 
bed volume; Anspec Corporation, P.O. Box 7730, Ann Arbor, MI, 48107). The col­
umn was rinsed with five volumes of distilled water (dHgO) adjusted to pH 3.0 
with glacial acetic acid (acidic fraction) followed by an equal volume of 2 M am­
monium hydroxide (NH4OH; basic fraction). 
The dHgO eluate was percolated through a second cellulose phosphate col­
umn (200 cm^ bed volume), which was then rinsed with one column volume of 
dHsP (pH 3.0), followed by five column volumes of base. The dHgO eluates from 
both cellulose phosphate columns were combined, evaporated to dryness and 
stored at -20^ C. The combined basic fractions were reduced in volume to ca. 100 
cm3 centrifuged at 7,600 g for 30 min, adjusted to pH 8.2 and partitioned five 
times against dHgO-saturated butan-l-ol (BuOH). The combined BuOH phases 
were reduced to dryness, dissolved in 5 cm^ of 35% ethanol, centrifuged at 11,600 
g for 20 min and applied to an LH-20 column, which was eluted with 1,050 cm^ 
EtOH. A 250 pi aliquot from each fraction was mixed with 5 cm^ Ecoscint scint­
illation cocktail and counted in a Beckman (model LS-1800) liquid scintillation 
counter. 
Half of each LH-20 fraction was freeze-dried in a Speed Vac (Savant Instru­
ments, 110-103 Bi-county Blvd., Farmingdale, NY, 11735) and tested for CK ac­
tivity using the Amamnt/iusbetacyanin assay (Biddington and Thomas 1973; see 
Appendix D). The other half of each firaction was stored at -20° C until the bioas-
say was completed. Based on the bioassay results and known retention times of 
CKs on LH-20, the remaining portions of LH-20 fractions 11-13 were combined 
and freeze-dried, as were fractions 14-16 and 17-19. The residue was dissolved in 
1 cm3 5% CHgCN in dHgO, pH 7.0 (TEAB), and fitered centrifugally through 
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glass microfîbre (Whatman GF/F) before HPLC purification. The fractions col­
lected were bioassayed in their entirety. 
To confirm the results of the 115-g-FW extract and to further characterize 
the putative CK glucoside, the entire extraction and purification procedure was 
repeated using the basic fraction of a 23-g-DW (equivalent to 180 g FW) shoot 
extract. This time, the LH-20 fractions which previously showed biological activ­
ity in the region corresponding to the retention time of CK glucosides were not 
bioassayed. Instead, these fractions were combined, freeze-dried and treated 
with B-glucosidase (from almonds; Sigma Chemical Company, P.O. Box 14598, 
St. Louis, MO, 63178). The residue was dissolved in 7.5 cm^of 0.1 M sodium 
citrate buffer (pH 5.0) with four units B-glucosidase and incubated overnight at 
37° C. This reaction mixture was loaded on a C-18 Sep-pak cartridge, which was 
prepared as recommended by the manufacturer (Millipore, Waters Chromatog­
raphy Division, 34 Maple Street, Milford, MA, 01757) and washed with 20 cm^ 
dHzO before the CKs were eluted with 5 cm^ MeOH. The methanolic eluate was 
dried under a stream of nitrogen at 55° C, and the residue was purified using 
reversed-phase HPLC. Each HPLC fraction was freeze-dried and bioassayed. 
Acidic fractions from the set of second cellulose phosphate columns used to 
purify several shoot extracts (equivalent to 650 g FW) were combined and re­
duced to dryness. The residue was dissolved in 30 cm® of dHgO, along with 9.8 X 
10^ dpm [2-3H]-AMP, adjusted to pH 8.0 and run through a Dowex 1-X8 column 
(50-100 mesh, formate form, 55 cm® bed volume). After rinsing with five column 
volumes of dHgO, the column was eluted with an equal volume of 5 M formic acid 
in 50% MeOH. The formic acid/MeOH rinse was reduced to dryness, dissolved in 
dHgO, adjusted to pH 3.0 and run through an insoluble polyvinylpyrrolidone 
(PVP) column (125 cm® bed volume, equilibrated at pH 3.5). The PVP column 
74 
was washed with five column volumes of dHgO adjusted to pH 3.5 (Andersen and 
Sowers 1968), which was reduced to dryness by RFE. 
The residue was dissolved in 30 cm3 0.2 M sodium acetate buffer (pH 4.8) 
containing 0.1% bovine serum albumin (BSA, w/v) and allowed to stand at room 
temperature for 3 h before two units of acid phosphatase (from wheat germ, Sig­
ma Chemical Company) were added and the mixture was incubated overnight at 
37° C. The reaction mixture was then adjusted to pH 3.0 and percolated through 
a cellulose phosphate column (40 cm^ bed volume), which was rinsed with five 
column volumes each of dHgO (pH 3.0) and 2 M NH4OH. The acidic fraction 
from this column was dried down, dissolved in buffer and again treated with acid 
phosphatase and purified on the reequilibrated cellulose phosphate column. This 
process was repeated until most of the radioactivity eluted firom the cellulose 
phosphate column in the basic fraction (as [2-3H]-adenosine). 
The basic fractions from all of the cellulose phosphate columns used to purify 
the acid phosphatase reaction mixtures were then combined and purified in the 
same way as the combined basic fractions from the cellulose phosphate columns 
used to purify the original extract (i.e., reduced in volume; adjusted to pH 8.2; 
partitioned against BuOH; dried; dissolved in 35% EtOH; centrifuged; chromato-
graphed on LH-20; treated with 13-glucosidase, if necessary; chromatographed on 
ODS-2; and bioassayed). LH-20 fractions 11-13,14-16 and 22-24 were combined 
and purified further. These corresponded to the retention times of CK gluco-
sides, CK ribosides and isopentenyladenosine (iPA), respectively (Horgan and 
Scott 1987). All of the HPLC fractions from the run used to purify the residue of 
LH-20 fractions 11-13 were bioassayed but only the fractions bracketing the re­
tention times of zeatin 9-riboside (ZR) and iPA from the HPLC runs used to puri­
fy the residue of LH-20 fractions 14-16 and 22-24 were bioassayed. 
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In an attempt to obtain mass spectra for the tentatively identified cytokinins, 
the entire purification procedure was repeated with the basic firaction of a 73-g-
DW (equivalent to 570 g FW) shoot extract. Once again, the LH-20 firactions 
were not bioassayed. Because the evidence for the glucoside from the last extract 
were inconclusive, the entire residue from the LH-20 fractions 11-13 was treated 
with B-glucosidase, chromatographed on ODS-2 and bioassayed. The residues of 
aU other LH-20 fractions which had previously shown biological activity were 
chromatographed on ODS-2. The HPLC fraction residues were dissolved in 
MeOH and a portion of this was bioassayed, to confirm the presence of biological 
activity; the remainder was permethylated (Scott et al, 1980) and run, isocratic-
ally, on an ODS-2 column (see figure legend for conditions). Fractions that co-
chromatographed with the appropriate permethylated standards were collected, 
dried and analyzed via gas chromatography-mass spectrometry (GC-MS) as de­
scribed by Palmer et al. (1981b). 
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RESULTS 
Basic Fraction 
Three prominent peaks of biological activity were detected in the fractions 
from the LH-20 column used to purify the basic fraction of the 14.7-g-DW shoot 
extract (Fig. 1). The bioassay of the fractions from the HPLC column used to 
purify the combined LH-20 fractions 11-13 revealed a single peak of biological 
activity, which co-chromatographed with a dihydrozeatin 0-glucoside (DHZOG) 
standard (Fig. 2). When LH-20 fractions 11-13 from the basic fraction of the 23-
g-DW shoot extract were treated with fi-glucosidase prior to HPLC purification, 
two peaks of biological activity were observed. One peak was centered on the 
retention time of DHZOG, the other on the retention time of DHZ (Fig. 3). Ana­
lytical HPLC and subsequent bioassay of the residues from the combined LH-20 
fractions 14-16 and 17-19 indicated that compounds co-chromatographing with 
ZR and zeatin (Z) were responsible for the biological activity (Figs. 4 and 5). 
Similar results were obtained from both the 14.7- and 23-g-DW extracts. 
Acidic Fraction 
Two peaks of biological activity were detected in the bioassay of the HPLC 
fractions from the run used to purify the residue of LH-20 fractions 11-13. One 
peak was present between the retention times of zeatin 0-glucoside (ZOG) and 
zeatin 9-glucoside (Z9G), the other was centered on the retention time of ZR (Fig. 
6). Bioassay of the HPLC fractions from the runs used to purify the residue of 
LH-20 fractions 14-16 and 22-24 revealed biological activity co-chromatographing 
with ZR and iPA standards, respectively (Fig. 7). 
Figure 1. Amaranthus betacyanin bioassay profile of the basic firaction 
from the 115-g-FW extract following LH-20 chromatography. 
The horizonal bars indicate the regions within which known 
standards elute. These are as follows: 1, CK glucosides; 2, CK 
ribosides; and 3, CK firee bases. Asterisks indicate firactions 
containing the number of asterisks is proportional to 
the activity present. Fractions 11-13 were combined for further 
purification, as were 14-16 and 17-19 
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Figure 2. Amamni/ius betacyanin bioassay profile of combined LH-20 frac­
tions 11-13 following HPLC purification. Unless otherwise indi­
cated a 150 mm X 4.5 mm column of ODS-2 was eluted with HgQ 
containing a linearly increasing concentration of acetonitrile (5-
20% over 40 min.) at a flow rate of 2.0 cm^/min. Fractions were 
collected at one-minute intervals. The retention time of DHZOG 
(and Z) is designated by the horizonal bar labelled "1" 
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Figure 3. Amaranthus betacyanin bioassay profile of combined LH-20 
fractions 11-13 after treatment with B-glucosidase and HPLC 
purification. Known standards eluted in the following regions: 
1, ZOG; 2, DHZOG; and 3, DHZ 
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Figure 4. Amaranthus betacyanin bioassay profile of combined LH-20 frac­
tions 14-16 following HPLC purification. Known standards 
eluted in the following regions: 1, DHZOG/Z and 2, ZR 
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Figure 5. Amaranthus hetacyaxiin bioassay profile of combined LH-20 frac­
tions 17-19 following HPLC purification. Known standards 
eluted in the following regions: 1, Z and 2, ZR 
Figure 5. Amaranifeus betacyanin bioassay profile of combined LH-20 frac­
tions 17-19 following HPLC purification. Known standards 
eluted in the following regions: 1, Z and 2, ZR 
0.06 
0.05 
cv, 0.04 
(O 
< 
% 0.03 
to 
< 
0.02 
0.01 
0.00 
25 20 
HPLC Fraction Number 
Figure 6. Amaranthus betacyanin bioassay profile of combined LH-20 
fractions 11-13 from the acidic fi-action of a 650-g-FW extract 
following HPLC purification. The acidic fraction was treated 
with acid phosphatase before LH-20 chromatography but the 
residue of the LH-20 fractions was not treated with B-glucosi-
dase before HPLC purification. Known standards eluted in 
the following regions: 1, Z9G; 2, ZOG; and 3, ZR/DHZROG 
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Figure 7. Amaranthus betacyanin bioassay profile of combined LH-20 A-ac­
tions 14-16 (A) and 22-24 (B) from the acidic A-action of a 650-g-
FW extract following HPLC purification. The acidic fraction was 
treated with acid phosphatase before LH-20 chromatography. 
Known standards eluted in the following regions: 1, ZR and 2, 
iPA. The sample containing biological activity at the retention 
time of iPA on the LH-20 column was chromatographed on ODS-
2 (B) using a linear gradient of 8-30% acetonitrile over 20 min. 
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GC-MS Analysis 
The HPLC trace from the run used to purify Me-ZR is shown in Figure 8. 
Only the HPLC fractions which co-chromatographed with the Me-ZR standard on 
ODS-2 contained sufficient CK to obtain a mass spectrum. The total ion chro-
matogram (TIC) from the GrC-MS analysis of the HPLC fractions collected at the 
retention time of Me-ZR can be seen in Figure 9. The mass spectra obtained at 
the retention time of Me-ZR for both the plant sample and an authentic Me-ZR 
standard are shown in Figures 10 and 11, respectively. The characteristic ion 
fragments, and their relative abundances, of Me-ZR (M"*" 421(6), 390(71), 348(6), 
216(100), 174(17), 148(6), 101(11), 71(10), 67(8), 45(45) and 41(17)) reported by 
Horgan and Scott (1987) are similar to those seen in both mass spectra, particu­
larly at the higher masses. This confirms the presence of ZR in red pine shoots. 
Figure 8. The UV absorbance of the plant sample, which had the retention 
time of ZR on ODS-2, was subsequently permethylated and re-
chromatographed isocratically in 30% acetonitrile on ODS-2. 
The horizonal bar labelled "1" indicates the region within which 
a Me-ZR standard elutes under the same conditions. Full scale 
=0.05 AU 
Figure 8. The UV absorbance of the plant sample, which had the retention 
time of ZR on ODS-2, was subsequently permethylated and re-
chromatographed isocraticaUy in 30% acetonitrile on ODS-2. 
The horizonal bar labelled "1" indicates the region within which 
a Me-ZR standard elutes under the same conditions. Pull scale 
=0.05 AU 
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Figure 11. Mass spectrum of an authentic Me-ZR standard 
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DISCUSSION 
The first peak of biological activity (fractions 11-13) from the LH-20 run used 
to purify the shoot basic fraction co-chromatographed with a DHZOG standard 
on an ODS-2 column (Fig. 2). When the residue of the equivalent LH-20 fractions 
from the 23-g-DW extract was treated with B-glucosidase before HPLC purifica­
tion, two peaks of biological activity were detected. One corresponded to the re­
tention time of DHZOG and the other to that of DHZ (Fig. 3). Although Z and 
DHZOG have nearly identical retention times on ODS-2, under the conditions 
used, free bases and glucosides resolve completely on LH-20. Because the free 
bases elute so much later than the glucosides (elution volumes of 350-400 cm^ 
and 550-625 cm^, respectively; Horgan and Scott 1987), the former should be 
absent firom the glucoside-containing fractions (11-13). Hence, the first peak of 
biological activity seen in Fig. 3 cannot be due to endogenous Z. 
Initially it was thought that the peak of biological activity detected at the 
retention time of DHZOG (and Z) could have been due to endogenous ZOG that 
had been converted to Z via glucosidase treatment. However, ZOG and DHZOG 
resolve completely on ODS-2 (Fig. 3), and only a single peak of biological activity 
was detected before B-glucosidase treatment. Therefore, the two peaks of biolog­
ical activity seen in Fig. 3 must be due to incomplete cleavage of DHZOG. 
When the residue of combined LH-20 fractions 14-16, from the run used to 
purify the basic fraction, was chromatographed on ODS-2, two peaks of biological 
activity were detected (Fig. 4). The major peak of activity had the same retention 
time as ZR, the minor peak of activity was at the retention time of DHZOG (and 
Z). With a flow rate of 30 cm^h'l, CK glucosides elute from LH-20 between 11.7 
and 13.3 h. Because LH-20 fractions were collected at one-hour intervals and 
firactions 14-16 were pooled for analysis of the riboside, the minor peak could be 
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due to the presence of glucoside in the riboside sample. Alternatively, the minor 
peak of biological activity could be due to incomplete separation of the riboside 
and free base on LH-20. (Z and DHZOG have the same retention time on ODS-
2.) 
Similarly, two peaks of biological activity were detected in the HPLC run 
used to purify the residue of LH-20 fractions 17-19 (see Fig. 5), The first was 
present at the retention time of Z, the second at that of ZR. Once again, this is 
most likely due to the incomplete separation of the riboside and free base on LH-
20. 
Because the pH optimum for acid phosphatase is closer to the pH of the acid­
ic fraction than that of alkaline phosphatase, the former was used for treatment 
of the ribotides in the acidic fraction. Preliminary work showed that both en­
zymes were severely inhibited by some unknown component of the extract. Ini­
tially this inhibition was attributed to polyphenolics. However, the problem per­
sisted even after the acidic fraction was passed through a PVP column. Assum­
ing that whatever was inhibiting enzymatic activity was binding non-specifically, 
it was hoped that by adding a gratuitous protein acceptor (i.e., BSA) to the buffer 
in which the acidic fraction residue was dissolved, a few hours before the enzyme, 
activity would be restored. This was successful to a limited extent, but the treat­
ment had to be repeated a few times in order to get a majority of the radioactivity 
(originally added as [2-3H]-AMP) to elute in the basic fraction of the cellulose 
phosphate column used to purify the reaction mixture. 
The acidic fraction so treated was subsequently chromatographed on LH-20. 
Bioassay of the HPLC fractions from the run used to purify the residue of LH-20 
fractions 11-13 revealed two peaks of biological activity. The first eluted some­
where between the retention times of Z9G and ZOG. Only half of the residue 
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from these HPLC fractions was bioassayed, the remainder was treated with 13-
glucosidase and re-chromatographed on ODS-2. Unfortunately, there was insuf­
ficient CK in the resulting HPLC fractions to determine if a shift in biological ac­
tivity had occurred. (13-glucosidase will only cleave O-glucosides.) Although its 
identity is still unknown, this provides strong evidence for the existence of a CK 
glucosyl phosphate (a "glucotide") in the shoots of red pine seedlings. 
The second peak of biological activity present in Figure 6 has the retention 
time of ZR. Unfortunately, ZR and dihydrozeatin 9-riboside 0-glucoside (DHZR-
OG) are also inseparable on ODS-2 under the conditions used. Therefore, this 
second peak of biological activity could again be due to the incomplete separation 
of the glucoside and riboside (glucosyl phosphate and ribotide, respectively, be­
fore phosphatase treatment) on LH-20 or to yet another glucosyl phosphate de­
rivative. 
When the residue of the riboside fractions from the LH-20 run used to purify 
the shoot acidic fraction was run on ODS-2 and bioassayed, a large peak of bio­
logical activity occurred at the retention time of ZR (Fig. 7A). When the residue 
of the LH-20 fractions corresponding to the retention time of iPA, from the same 
run, was purified on ODS-2, bioassay detected a peak of biological activity at the 
retention time of iPA (Fig. 7B). Because this activity was detected after treat­
ment with acid phosphatase, zeatin 9-riboside monophosphate (ZMP) and iso-
pentenyladenosine monophospate (iPMP) appear to be present in the shoots of 
red pine seedlings. Because plant cells are impermeable to CK ribotides, the 
ribotides are rapidly converted to ribosides (Laloue and Pethe 1982) and the 
ribosides are considered to be transport forms of CK (Van Staden and Davey 
1979), the presence of iPMP in the shoots of red pine suggests that CK biosyn­
thesis is occurring there. This finding reinforces a report by Chen and Petschow 
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(1978) in which evidence was presented for the existence of CK biosynthesis in 
rootless tobacco plants (derived from tissue culture). Subsequently, Chen et al. 
(1985) demonstrated CK biosynthesis in isolated cambial cells of carrot. To local­
ize the origin of iPMP in red pine shoots, this qualitative assessment needs to be 
repeated on leaf and stem tissue separately. 
Despite the extensive purification procedure used, there were high levels of 
background in all the plant samples analyzed by GC-MS. Apparently these con­
taminants do not absorb UV light because the traces from the HPLC runs used to 
purify the plant samples (for example see Fig. 8) provide no indication of the level 
of contamination seen in the TIC (for example see Fig. 9). In future work with 
pine, a method for removing these interfering compounds must be found. One 
possibility involves using normal-phase HPLC purification of the permethyl de­
rivatives (Horgan and Scott 1987). However, the addition of yet another step in 
the purification procedure will lead to further losses of sample. Purifying cyto-
kinins from plant extracts using immunoaffinity chromatography (Hansen et al. 
1989; MacDonald and Morris 1985) provides a more desirable alternative because 
it circumvents the need for some of the other purification steps described herein. 
This technique should be explored fiilly. 
Finally, because so many workers are using enzyme-linked immunosorbent 
assays (ELISAs) to quantify CKs, a word of caution is in order. The antibodies 
used in most ELISA systems cross-react to various extents with a range of CKs. 
Due to the number of CKs present in pine, and other species, it is essential to 
separate all the CKs present in a given tissue before quantification by ELISA, if 
meaningful results are to be obtained. 
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SECTION IV. IDENTIFICATION OF THE CYTOKININS IN RED PINE 
SEEDLINGS. II. THE ROOTS 
108 
SUMMARY 
Zeatin 9-riboside has been identified in roots of Pinus resinosa by GC-MS 
analysis of its pennethyl derivative and by its retention times on Sephadex LH-
20 and Spherisorb ODS-2. Based on their retention times and susceptibility to 
enzymatic degradation, several other cytokinins have been tentatively identified. 
These include zeatin 0-glucoside and zeatin in the basic fraction and zeatin 9-
riboside monophosphate, isopentenyladenosine monophosphate (iPMP) and a 
glucosyl phosphate derivative in the acidic fraction. The latter compound ap­
pears to be a phosphorylated derivative of zeatin 0-glucoside. The presence of 
iPMP supports the commonly held notion that cytokinin biosynthesis takes place 
in roots. The amount of iPMP detected was roughly equivalent to what was de­
tected in red pine shoots. Either cytokinin biosynthesis is coordinated between 
the roots and shoots or the rate of cytokinin export from the roots is matched by 
shoot metabolism to maintain a steady-state level. 
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INTRODUCTION 
In the first article of this two-part series, the cytokinins (CKs) found in the 
shoots of red pine (jPinus resinosa Ait.) seedlings were described. This paper 
reports on the CKs identified in the corresponding root material. 
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MATERIALS AND METHODS 
The materials and methods used for characterizing the CKs in the roots of 
red pine were identical to those used for the shoots. The only difference was in 
the amount of tissue extracted. Fifly-six grams dry weight (g DW; equivalent to 
135 grams fresh weight) of root material was extracted to determine the reten­
tion times of the basic fraction CKs on LH-20 and ODS-2 (as opposed to 115 
grams fresh weight (g FW) for the shoots). Acidic fraction CKs were character­
ized using the equivalent of 410 g FW of root material. In an attempt to obtain 
mass spectra of the basic fraction CKs, the purification process was repeated 
using 315 g DW (equivalent to 755 g FW) of root material. 
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RESULTS 
Basic Fraction 
As with the shoots, three zones of biological activity were detected when half 
of the LH-20 fractions from the run used to purify the 135-g-FW extract were bio-
assayed. (Fig. 1). When the other half of LH-20 fractions 11-13 were combined 
and purified on ODS-2, a bioassay of the HPLC fractions revealed two major 
peaks of biological activity (Fig. 2). One of these peaks of activity eluted earlier 
than the most polar standard used, zeatin 7-glucoside (Z7G); the other co-chro-
matographed with Z. When the residue from the combined LH-20 fractions 11-13 
of the 756-g-PW extract was treated with fi-glucosidase before chromatographic 
purification on ODS-2, two major peaks of biological activity were seen (Fig. 3). 
The first of these peaks had the retention time of Z, the other of DHZ. There was 
also a minor peak of activity at the retention time of ZR. 
Bioassay of the HPLC fractions from the runs used to purify the residue from 
the remainder of LH-20 fractions 14-16 and 17-19 each revealed two prominent 
peaks of biological activity. Once again, the first peak of activity from LH-20 
fractions 14-16 eluted from ODS-2 before the most mobile standard used (Z7G); 
the second peak had the same retention time as ZR (Fig. 4). The two peaks of 
biological activity detected in LH-20 fractions 17-19 eluted from ODS-2 at the 
same retention times as Z and ZR (Fig. 5). 
Acidic Fraction 
A single peak of biological activity was detected in the HPLC fractions from 
the run in which the residue of LH-20 fractions 11-13 was purified (Fig, 6). This 
occurred at the retention time of zeatin 0-glucoside (ZOG). After treating the 
Figure 1. Amaranthus betacyanin bioassay profile of the basic fi-action 
from the 135-g-FW extract following LH-20 chromatography. A 
78 X 2.5 cm column was eluted with 35% EtOH at a flow rate of 
30 cm^/hr. Fractions were collected at one-hour intervals. Au­
thentic standards eluted in the following regions: 1, CK gluco-
sides; 2, CK ribosides; and 3, CK free bases. Asterisks indicate 
fractions containing pH]-DHZ; the number of asterisks is pro­
portional to the activity present. Fractions 11-13 were com­
bined for further purification, as were 14-16 and 17-19 
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Figure 2. Amaranthus betacyanin bioassay profile of combined LH-20 frac­
tions 11-13 following HPLC purification. Unless otherwise indi­
cated a 150 mm X 4.5 mm column of ODS-2 was eluted with HgO 
containing a linearly increasing concentration of acetonitrile (5-
20% over 40 min.) at a flow rate of 2.0 cm^/min. Fractions were 
collected at one-minute intervals. Authentic standards eluted 
in the following regions: 1, Z7G; 2, ZOG; and 3, Z/DHZOG 
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Figure 3. Amaranthus hetacyanin bioassay profile of combined LH-20 frac­
tions 11-13 after treatment with B-glucosidase and HPLC puri­
fication. Known standards eluted in the following regions: 1, 
Z/DHZOG; 2, DHZ; 3, ZR and 4, DHZR 
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Figure 4. Arnaranthusheia.cya.mxi bioassay profile of combined LH-20 frac­
tions 14-16 following HPLC purification. Known standards elut-
ed in the following regions: 1, Z7G and 2, ZR 
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Figure 5. Amaranthushetacyanm bioassay profile of combined LH-20 frac­
tions 17-19 following HPLC purification. Known standards elut-
ed in the following regions: 1, Z and 2, ZR 
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Figure 6. Amaranthus betacyanin bioassay profile of combined LH-20 firac-
tions 11-13 firom the acidic firaction of a 410-g-FW extract follow­
ing HPLC purification. The acidic fraction was treated with acid 
phosphatase before LH-20 chromatography but was not treated 
with J3-glucosidase before HPLC purification. An authentic ZOG 
standard eluted in the region labelled "1" 
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other half of this sample with J3-glucosidase, the activity shifted to the retention 
time of Z on ODS-2 (Fig. 7A), Analytical HPLC and subsequent bioassay of LH-
20 fractions 14-16 and 22-24 indicated that compounds co-chromatographing 
with ZR and iPA were responsible for the activity seen (Figs. 7B and 7C, respec­
tively). 
GC-MS Analysis 
As with the shoot material, all root samples analyzed by GC-MS had high 
background levels. Only the sample from the basic fraction which co-chromat-
ographed with a Me-ZR standard on ODS-2 and on the GC contained sufficient 
CK to obtain a mass spectrum (Fig. 8). The characteristic ion fragments, and 
their relative abundances, of Me-ZR (Fig. 11, Section III) are similar to those 
seen in Figure 8, particularly at the higher masses. This confirms the presence 
of ZR in red pine roots. 
Figure 7. Amaranthushetacyamn. bioassay profile of combined LH-20 frac­
tions 11-13 (A), 14-16 (B) and 22-24 (C) from the acidic fraction 
of a 410-g-FW extract following HPLC purification. The acidic 
fraction was treated with acid phosphatase before LH-20 chro­
matography. The residue of fractions 11-13 was treated with 1Î-
glucosidase before HPLC purification. Known standards eluted 
in the following regions: 1, Z; 2, ZR; and 3, iPA. The sample con­
taining biological activity at the retention time of iPA on the LH-
20 column was chromatographed on ODS-2 (C) using a linear 
gradient of 8-30% acetonitrile over 20 min. 
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Figure 8. Mass spectrum obtained from a basic fraction sample co-chrom-
atographing with an authentic ZR standard on LH-20 and ODS-
2 and with a Me-ZR standard during GC-MS analysis 
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DISCUSSION 
It is apparent that the combined LH-20 glucoside fractions (11-13) contain at 
least two compounds with biological activity (Fig. 2). The second peak contains 
more biological activity than the first one. When the equivalent LH-20 fractions 
were treated with J3-glucosidase before HPLC purification, the retention time of 
both peaks of biological activity shifted on ODS-2 (Fig. 3). Because the major 
peak of activity before enzymatic treatment co-chromatographed with ZOG, only 
0-glucosides are susceptible to 13-glucosidase, and the mggor peak of activity de­
tected after enzymatic treatment had the retention time of Z, it would appear 
that the endogenous compound responsible for this activity is, in fact, ZOG. 
It has already been shown (Section III), that some CK-glucosides and CK-
ribosides are not completely resolved on LH-20. Here again, there are two peaks 
of biological activity in the LH-20 fractions collected in the region corresponding 
to the retention time of CK-ribosides (fractions 14-16) when chromatographed on 
ODS-2 (Fig, 4). The second peak of activity had the retention time of ZR but the 
first peak eluted in the same region as the more polar glucoside present in LH-20 
fractions 11-13 (peak 1, Fig. 2). This same peak of activity has also been seen in 
other red pine root extracts (data not shown); therefore, it is not an aberration. 
There is a biologically active compound that elutes from ODS-2 at a very low con­
centration of organic solvent in the mobile phase. 
Due to its susceptibility to 13-glucosidase and its behavior on LH-20, the com­
pound in question appears to be an 0-glucoside of some sort. It cannot be dihy-
drozeatin 0-glucoside (DHZOG) because it elutes from ODS-2 much earlier than 
DHZOG before treatment with fi-glucosidase (see Fig. 2). Based on its affinity for 
ODS-2, it possesses more polar character than either ZOG or Z7G. Taylor et al. 
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(1984) have described a novel ribosyl zeatin glycoside fromPinus radiata which 
has a glucosyl moiety attached to the ribosyl moiety of ZR. If the compound in 
question was of this nature, a peak of biological activity would have been expect­
ed at the retention time of ZR or dihydrozeatin riboside (DHZR) following treat­
ment with fl-glucosidase, not at the retention time of DHZ (see Fig. 3). Needless 
to say, much more work needs to be done to fully characterize this compound. 
There also appears to be incomplete separation of the free bases and ribo­
sides on LH-20, as seen with the glucosides and ribosides. When the residue of 
the LH-20 fractions corresponding to the retention time of free bases (17-19) was 
chromatographed on ODS-2, peaks of activity were observed at the retention 
times of Z and ZR (see Fig. 5). However, two independent observations of biologi­
cal activity with the retention time of ZR help confirm its existence, especially 
when they were obtained from adjacent LH-20 fractions. 
Although a putative CK glucoside phosphate (a "glucotide") was isolated from 
shoot material, nothing more could be said about its identity. As was done with 
the shoots, acidic fractions from several extracts were combined and repeatedly 
treated with acid phosphatase before further purification. The residue of the glu­
coside LH-20 fractions (11-13) contained one peak of biological activity, at the re­
tention time of ZOG, following reversed-phase HPLC (see Fig. 6). After treating 
the other half of this same fraction with 13-glucosidase and running it on ODS-2, 
the biological activity shifted to the retention time of Z (see Fig. 7). Thus the CK 
glucoside phosphate appears to be an 0-glucotide of zeatin. 
The biological activity, derived from the root acidic fraction, which co-chrom-
atographed with an authentic iPA standard on both LH-20 and ODS-2, following 
treatment with acid phosphatase, implies that iPMP is present in red pine roots 
as well as the shoots. Although there was less biological activity detected at the 
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retention time of iPA in the root acidic fraction, less root tissue was extracted 
(410 vs 650 g FW). When the biological activity found in the roots and shoots are 
expressed on a per g FW basis, there appears to be nearly equivalent amounts of 
iPMP in roots and shoots. These results must be interpretted Wth care, as they 
were obtained from tissue harvested at a single time. However, it is possible that 
either CK biosynthesis is coordinated between the roots and shoots or the rate of 
CK export from the roots is matched by shoot metabolism to maintain a steady-
state level throughout the plant. These possibilities need to be explored farther. 
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GENERAL DISCUSSION 
Although it was not possible to exactly mimic episodic growth by inducing a 
surge in foliar growth, some aspects of shoot development were consistently en­
hanced by exogenous applications of CK. Treatment with BAP led to the preco­
cious development of axillary meristems and the formation of adventitious buds. 
In addition, BAP treatment led to an underdeveloped root system. Taken togeth­
er, these observations suggest that CKs may be involved in the control of episodic 
growth. 
The developmental control exerted by PGRs is difficult to imitate using exog­
enous applications for at least three reasons. First, the potential fates of exoge-
nously applied compounds (e.g., uptake, intra- and intercellular transport, locali­
zation, interconversion, and catabolism) are varied and poorly understood. Sec­
ond, the route taken by exogenously applied PGRs may be different than that of 
their endogenously-produced equivalents. Finally, more than one group of PGR 
may be involved in controlling a given aspect of development (e.g., episodic 
growth). Nevertheless, red pine seedling development was consistently altered 
by exogenous applications of BAP. 
Once it was shown that seedling development could be altered by CK treat­
ment, the next logical step was to determine if endogenous CK levels change in 
advance of and in parallel with surges in shoot growth. Before performing these 
quantitative assessments, though, the endogenous CKs had to be qualitatively 
characterized. Initially this was done by detecting the presence of biological ac­
tivity with the same chromatographic properties as authentic CK standards on 
both LH-20 and ODS-2. Although there were minor variations in the retention 
times of biological activity on the LH-20 column from run to run, the retention 
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times of the three major peaks of activity were constant relative to each other. 
Therefore, a ^H-DHZ marker was added to each extract to locate the fractions 
containing biological activity without having to bioassay the LH-20 fractions 
from every run. 
Including the %-DHZ marker also provided a means of estimating the en­
dogenous levels of CK in red pine. By knowing how much ^H-DHZ was added to 
the extract and by measuring the amount of radioactivity present in each LH-20 
fraction, the percent recovery at this step could be calculated. Using this infor­
mation, in conjunction with the estimate of biological activity contained in each 
LH-20 fraction and the amount of tissue originally extracted, the level of endog­
enous CK could be expressed in terms of BAP equivalents. Accordingly, Z and ZR 
levels were repeatedly estimated to be less than 5 ng/g FW in both root and shoot 
tissue. 
Due to these low levels and the presence of interfering compounds it was not 
possible to obtain mass spectra for all of the CKs produced by red pine. The fact 
that the compound responsible for biological activity at the retention time of ZR 
on both LH-20 and ODS-2 was indeed ZR lends some credibility to the other iden­
tifications. However, until they are confirmed using a more rigorous approach 
(e.g., GC-MS), the identities of these other compounds will have to remain ten­
tative. Confirmation will not be accomplished by merely repeating the purifica­
tion procedure using a larger extract. The impurities responsible for the high 
background levels seen in the GC-MS analysis were inseparable from CKs under 
the conditions used, so increasing the amount of tissue in the extract will only 
result in a proportionate increase in the level of contamination. Therefore, a way 
of removing the interference must be found. 
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Apart from ion exchange columns, the chromatographic systems used to iso­
late components of the pine extracts were reversed-phase in nature. Introduction 
of a different chromatographic system into the purification protocol may be nec­
essary in order to remove enough interference to obtain mass spectra of the other 
CKs in red pine. Martin et al. (1981) developed a normal-phase HPLC procedure 
specifically for purifying permethyl CK derivatives. Scott and Horgan (1984) 
found this technique extremely useful as a final clean-up step for impure samples 
before subjecting them to mass spectrometric analysis. However, permethylated 
CKs are even more nonpolar than their underivatized counterparts and have low 
solubilities in the starting solvents used in normal-phase HPLC. This, combined 
with the manipulations required for an additional chromatographic purification 
step, would result in even lower recoveries than were achieved. Scott and Hor­
gan (1984) were analyzing a tissue with an abundant supply of CK so any addi­
tional losses due to low solubility and handling were tolerable. Red pine, on the 
other hand, has extremely low levels of CK, so an additional HPLC step is not a 
preferred option. 
Recently developed immunological techniques may provide a viable alterna­
tive to normal-phase HPLC. Many researchers are now using antibodies, raised 
against a specific PGR, in enzyme-linked- or radioimmunosorbent assays (ELISA 
and RIA, respectively) to quantify PGRs. Two types of antibodies are used for do­
ing ELISAs and RIAs. The first, polyclonals, are a mixture of antibodies of an 
unknown titer and possessing a range of affinities and specificities. In contrast, 
monoclonals are generated by a single hybridoma cell line, which produces a 
monotypic supply of antibodies. All cell lines from a single fusion event are 
screened for their ability to produce antibodies with the highest possible speci­
ficity and affinity for a given structure. Monoclonal antibodies are much more 
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expensive to produce than polyclonal antibodies, so the latter are often used in 
place of the former. 
The major disadvantage associated with these immunological techniques is 
that antibodies raised against a given PGR often show cross-reactivity to an ar­
ray of chemically similar structures. Even with monoclonal antibodies, which 
have been screened careftilly, cross-reactivity may be unavoidable, depending 
upon the uniqueness of the molecule against which the antibodies were raised. 
Due to the range of structurally similar CKs a given plant is capable of produc­
ing, cross-reactivity is inevitable when doing CK analyses. As a result, CKs must 
be separated chromatographically before being quantified using ELISA or RIA 
(MacDonald et al., 1981; Badenoch-Jones et al., 1984; Hansen et al., 1989). 
Although cross-reactivity is a hindrance when performing ELISA or RIA, it 
can be advantageous when doing immunoaffinity chromatography. In fact, poly­
clonal antibodies are essential for doing certain types of purifications because of 
their range of specificities and affinities. Immunoaffinity chromatography in­
volves cross-linking antibodies to a stable solid support (e.g., sepharose) to devel­
op a packing material capable of removing structurally related compounds fi*om a 
complex mixture. By including an immunoaffinity step early in the pine extract 
purification protocol, it may be possible to eliminate some of the other steps and 
still end up with a cleaner sample. Hopeftilly, immunoaffinity chromatography 
will allow for the removal of sufficient impurities fi-om red pine extracts to com­
plete the qualitative characterization of their endogenous CKs. 
Once mass spectra have been obtained for each of the native CKs, their quan­
tification can begin. During the quantification process, endogenous CKs are in­
evitably lost, and these losses vaiy fi'om run to run. Therefore, an internal stan­
dard must be added when the tissue is extracted. This compound must behave. 
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chemically, like the endogenous CK being quantified but must be discernible at 
the final step in quantification. By knowing how much internal standard was 
added to the extract and the amount left after purification, the percent recovery 
can be calculated. 
One factor that will influence the technique used to quantify the CKs (i.e., 
immunological vs physicochemical) is the availability of an internal standard. 
Scott and Morgan (1980) have described the use of ^®N-labelled CKs as internal 
standards for CK quantification. Because a naturally-occurring, stable, 
heavy isotope of nitrogen is substituted for the lighter, more abundant, naturally-
occurring isotope of nitrogen (l^N) at all four positions in the purine ring, the la­
belled compound is four atomic mass units heavier that its endogenous equiva­
lent, and is easily distinguishable during mass spectrometry. These l^N-labelled 
standards are difficult to synthesize and are not commercially available, so many 
researchers rely on commercially-available (Apex Organics Ltd., STEP Centre, 
Osney Mead, Oxford, 0X2 OES, U.K), deuterated CK internal standards for do­
ing GC-MS analysis. 
However, neither the deuterated nor the l^N-labelled CK internal standards 
can be used for immunological assays because antibodies cannot distinguish be­
tween them and the native CKs. To overcome this obstacle, some workers will 
split their sample in half, add a known quantity of a "cold" CK to one extract and 
purify this and an unenriched extract of the other half of the sample in parallel. 
By knowing how much more of this CK is present in the former than in the lat­
ter, after purification, the percent recovery can be calculated. Others will take a 
known quantity of cold standard alone through the entire purification procedure 
to obtain an estimate of recovery. Neither of these approaches is satisfactory be­
cause of the run-to-run variation in recovery. The only usefiil internal standards 
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for immunological approaches to CK quantification are radio-labelled and 
%) varieties. By knowing the amount of radioactivity added to and recovered 
from the extract and the specific activity of the radio-labelled internal standard, 
recovery of the endogenous compound can be estimated. 
No matter what internal standard is used, low concentrations must be added. 
Losses of PGRs result from incomplete partitioning, entrapment in other compo­
nents, chemical reactions, or adsorption onto glassware or chromatographic sup­
ports. Absolute losses of PGKs due to oxidation, incomplete partitioning or en­
trapment will most likely be proportional to the amount of PGR in a sample over 
a wide range of concentrations. However, absolute losses due to adsorption are 
proportional to the amount of PGR in a sample only at low concentration. Once 
all the adsorption sites are filled, no additional PGR will be lost to adsorption. 
Therefore, internal standards must be added at concentrations similar to those 
normally found in the tissue in order to accurately account for losses due to ad­
sorption (Brenner, 1981). 
Two other factors that will influence the technique used to quantify endoge­
nous CKs are the amount of CK present in the tissue and the level of contamina­
tion present after purification. If the level of CK is very low and the background 
levels are very high, the immunological approach may be best because it will only 
detect CK-like substances and it is sensitive in the picomolar range. In contrast, 
when doing GC-MS analysis, everything present in the sample gets fragmented 
and nanomolar quantities are required. Therefore, an immunoaffinity step may 
be needed before doing GC-MS analysis. Finally, it should be remembered that 
the immunological approach can only be taken after the endogenous CKs have 
been qualitatively characterized and separated chromatographically. 
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Using either of these approaches to CK quantification, it should be possible 
to determine if there is a correlation between levels of endogenous CKs and epi­
sodes of shoot growth. Although negative results from a correlative study would 
tend to rule out CICs involvement in the control of episodic growth, positive 
results would not necessarily provide a definitive answer. Because one event 
precedes another doesn't mean that the two have a cause and effect relationship; 
it could just be coincidence that CK levels increase prior to a surge in shoot 
growth. What is needed is a way to manipulate endogenous levels of CK and 
observe the effect. This may now be possible through genetic engineering. 
It has recently been shown that a loblolly pine (Pinus taeda) is susceptible to 
infection hyAgrobacterium tumefaciens (Sederoff et al., 1986). This provides a 
vehicle for inserting PGR biosynthetic genes into the pine genome. However, 
until a means of reliably regenerating plantlets from transformed pine cells 
becomes available, research in this area will be limited to gene expression at the 
cellular level. Transformation and regeneration have been accomplished using 
Agrobacterium on leaf discs in several dicotyledonous species (Horsch et al., 
1985). This could serve as an alternative approach for recovering pine trans­
formants until it is possible to clonally propagate pine from cultured cells. 
It could be argued that the genetic engineering approach to answering the 
question of episodic growth is just another way of correlating endogenous levels 
of CK to surges in shoot growth and accomplishes the same tiling as measuring 
CKs at various stages in seedling development. It is true that in both cases 
endogenous levels of CK are measured and a correlation is sought between these 
and a developmental response. However, the difference between the traditional 
correlative study and the genetic engineering approach is that the former is a 
passive process, whereas the latter is active. Rather than measure CK levels at 
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various stages in seedling development and hope for a relationship between en­
dogenous levels of CKs and shoot activity, the endogenous CK levels could be 
deliberately altered in advance of an observable developmental response. 
If a correlation between CK status and episodic growth can be established, 
the search for environmental cues that trigger a change in endogenous levels of 
CK can begin. This should eventually allow for the development of more effective 
cultural treatments for altering conifer seedling development. 
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APPENDIX A: HISTOLOGICAL ANALYSIS OF BUD CLUSTERS INDUCED 
ON RED PINE SEEDLINGS THROUGH EXOGENOUS AP­
PLICATIONS OF BENZYLAMINOPURINE 
Introduction 
There are numerous reports of in vitro adventitious bud induction on various 
expiant sources through exogenous applications of cytokinin (see von Arnold and 
Eriksson, 1980 and Horgan and Aitken, 1981 for references). There are also a 
few reports of in vivo bud formation in response to exogenous applications of 
cytokinin (Kossuth, 1978; Little, 1984,1985; Mulgrew and Williams, 1985; Maz-
zola and Costante, 1987; Zel et al., 1988). The latter treatment is often applied to 
whole trees to stimulate lateral bud development. Removal of the terminal bud 
on these pretreated trees leads to release from apical dominance, causing the 
newly-formed and preexisting lateral buds to flush. The result is a tree with 
greater foliar density, a very desirable characteristic for Christmas tree growers. 
In a previous paper (see Section II), we described the response of red pine 
(Pinus resinosa Ait.) seedlings to exogenous applications of benzylaminopur-ine 
(BAP). This treatment was intended to induce a surge of shoot activity in order 
to demonstrate cytokinin's involvement in the control of episodic growth (Drew, 
1982). Rather than increase foliar production, these treatments led to the 
formation of a terminal cluster of buds. The number of buds formed was in ex­
cess of the number of leaf axils present on the seedlings receiving treatment. In 
addition, Lester (1968) has shown that not all primary-leaf axils contain meri-
stems. Because an adventitious structure is defined as one which "arises at an 
unusual site" (Esau, 1977), induced buds could be both axillary and adventitious 
(i.e., in this case, buds which are not axillaiy must be adventitious). 
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Histological analysis was conducted on BAP-treated and untreated red pine 
seedlings to identify the origin of these buds. The results of this work are report­
ed here. 
Materials and Methods 
Culture conditions for the greenhouse-grown red pine seedlings have already 
been described in Section I. Eleven days after sowing, biweekly BAP treatments 
were begun. An aqueous solution containing 25 mg/1 BAP and 0.075% (v/v) 
Tween 20 was appUed using the foliar dip technique described in Section II. 
After each treatment, seedlings were not watered for at least 12 hours to avoid 
washing away the BAP solution. Initially there were 60 seedlings in the 
treatment group and 36 control seedlings. 
Five treated seedlings and three control seedlings were harvested on each of 
12 successive days and prepared for histological analysis. Harvesting was done 
at the same time each day; on treatment days, seedlings were harvested prior to 
the BAP application. Harvesting involved severing the hypocotyl one centimeter 
below the epicotyl and trimming all needles to the same length with a single-
edged razor. 
Standard paraflHn methods, adapted from Jensen (1962) and Berlyn and 
Miksche (1976), were used for the preparation of microscope slides. Tissue sam­
ples were fixed in FAA (formialinracetic acidrethyl alcohol, 1:1:18), dehydrated 
through a tertiary butyl alcohol series, embedded in Paraplast (VWR Scientific, 
P.O. Box 66929, O'Hare AMP, Chicago, IL, 60666), and sectioned longitudinally 
on a rotary microtome at a thickness of 10 jim. These sections were affixed to 
slides with Haupt's adhesive, differentially stained with safranin and fast green, 
and mounted under a #1 coverslip with Permount (Fisher Scientific, 1600 W. 
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Glenlake Ave., Itasca, IL, 60143). Slides were viewed and photographed through 
an Wild microscope (model M7A). 
Results 
Cytokinin treatment resulted in the formation of buds in nearly every leaf 
axil (Fig. lA), whereas axillary buds were absent on control seedlings of about 
the same age (Fig. IB). At higher magnification, it appears that buds are form­
ing within the axils of other buds, both of which presumably are produced in 
response to BAP treatment (Fig. IC). Structures similar to those shown in Fig. 
ID were frequently seen in treated seedlings. 
Discussion 
Although axillary meristems are usually absent from 18-day-old red pine 
seedlings, they do eventually form in some of the primary-leaf axils (Lester, 
1968). Therefore, BAP treatment appears to stimulate precocious axillary bud 
development. Because axillary meristems do not ordinarily form within the axils 
of other meristems, it would appear that BAP treatment is also stimulating the 
formation of adventitious buds. However, this histological analysis was con­
ducted too early in the developmental sequence, so this latter conclusion will 
have to remain tentative until fully developed adventitious structures are 
observed. 
The structures seen throughout the apices of treated seedlings (Fig. ID) 
resemble two vascular bundles, side-by-side. Because the induced buds formed 
after the needles with which they are associated, they may require a separate 
vascular system. This may explain this unusual juxtaposition of vascular bun­
dles (Lersten, 1988). In order to resolve this question fully, a detailed analysis of 
Figure 1. Cross-sections of red pine shoot apices 
(A) From a seedling treated with 25 mg/1 BAP. The tissue was 
fixed when the seedling was 18 days old and had received 2 
BAP treatments. Arrows indicate the location of meristems 
(40X) 
(B) From a 23-day-old control seedling (40X) 
(C) Magnification of the region in the lower right-hand comer of 
(A). Arrows indicate what appear to be separate meristems 
(lOOX) 
(D) Vascular-like structures frequently found in cross-sections 
of BAP-treated apices (lOOX) 
! 
I 
157 
the vascular development in association with normal axillary buds must be un 
dertaken. 
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APPENDIX B: TOWARD A CLONAL PROPAGATION SYSTEM FOR RED 
PINE 
Introduction 
The apical cluster of adventitious buds produced in response to exogenous 
applications of benzylaminopurine (BAP; see Section II) may provide an novel 
approach to micropropagating red pine. If the buds could be induced to elongate, 
it might be possible to separate and root the resulting shoots. However, because 
the bud clusters formed on seedlings that were grown in a greenhouse, a surface 
sterilization technique needed to be developed before the buds could be cultured 
in vitro. As an alternative to micropropagation using the bud clusters, mature 
embryos were extracted from surface-sterilized red pine seed in an attempt to 
clonally propagate red pine through organogenesis. 
Materials and Methods 
Micropropagation using terminal bud clusters 
Seedling culture conditions were specified in Section I. Three-week-old seed­
lings were treated with 200 mg/1 BAP using the foliar dip technique outlined in 
Section II. The resulting bud clusters were excised from 14-week-old seedlings, 
stirred in a 15% solution of commercial bleach for 15 minutes, and rinsed one 
time with 70% ethyl alcohol and three times with stérile, distilled water. The 
duration of each of these rinses was about 30 seconds. The bud clusters were 
then cultured aseptically on Murashige and Skoog (M-S; 1962) media containing 
various combinations of auxin and cytokinin. Four levels each of BAP (10,1, 0.1 
and 0 pM) and naphthalene acetic acid (NAA; 1, 0.1 and 0.01, and 0 pM) were 
tested in a complete factorial design. Clusters containing buds which elongated 
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were subcultured on basal M-S media. 
Clonal propagation via organogenesis 
Red pine seeds were surface-sterilized using the procedure just described for 
the bud clusters. Following surface-sterilization, the seed coat was still too hard 
for convenient embiyo extraction, so the seed was imbibed for three days to soft­
en the seed coat. Embryos extracted from seed that had been surface-sterilized 
and imbibed showed severe contamination once in culture. Therefore, the mois­
tened seed had to be surface-sterlized a second time before embryo extraction. 
After three days of imbibition on autoclaved blotter paper saturated with sterile, 
distilled water, the seeds were stirred in a 10% solution of bleach for 10 minutes, 
followed once again by one rinse with 70% ethyl alcohol and three rinses with 
sterile, distilled water. 
Embryos were extracted in a laminar flow hood. This was done by slicing the 
seed longitudinally, slightly off center to avoid damaging the embryo, and digging 
through the endosperm with a dissection needle The exposed embryos were liftr 
ed out of the endosperm with sterile forceps and placed on M-S media. The same 
complete factorial design used in the micropropagation study was also used to 
test the affect of cytokinin and/or auxin on organogenesis. Following the appear­
ance of adventitious shoots on the callus derived from these excised embryos, the 
calli were subcultured on basal M-S media. Cultures were maintained under 
continuous fluorescent light (Philips, VHO, cool white) at 25°C. 
Results 
Micropropagation usin^ terminal bud clusters 
When bud clusters were plated on basal media, none of the buds grew out 
(Figure lA). A few of the buds elongated when clusters were cultured on M-S 
Figure 1. Surface-sterilized bud clusters induced on red pine seedlings 
through foliar applications of 200 mg/1 BAP. These bud clus­
ters were all ca. 1 cm in diameter and were plated on M-S 
media containing: 
(A) No PGRs 
(B) 1.0 pM BAP + 0.1 pM NAA 
(C) 1.0 pM BAP + 1.0 pM NAA 
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media containing 1.0 pM BAP + 0.1 viM NAA (Figure IB), whereas most of the 
buds elongated when a cluster was plated on M-S media containing 1.0 jiM BAP 
+ 1.0 pM NAA (Figure IC). Unfortunately, the shoots did not develop further 
and, consequently, were never rooted. 
Clonal propagation via organogenesis 
Two weeks after extraction, embryos plated on basal media, media contain­
ing the two lowest levels of NAA (0.1 and 0.01 pM), and media containing a com­
bination of 0.1 pM BAP + 0.01 iiM NAA all looked similar to the one shown in 
Figure 2A. The cotyledons are a bright green color and the hypocotyl was red. 
Regardless of the level used, all embryos plated on media containing only BAP 
were similar in appearance to the one depicted in Figure 2B. Some green trans­
lucent callus was formed but no organogenesis took place. All embryos plated on 
media containing the highest level of NAA (1.0 yiM), whether alone or in combin­
ation with BAP, turned a white color and died (Figure 2C). 
When embryos were plated on media containing either 1,0 jiM BAP + 0.1 pM 
NAA or 1.0 pM BAP + 1.0 jiM NAA, adventitious shoots were initiated in the 
callus derived from the embryonic expiants (Figure 2D). When this callus was 
subcultured on basal media, shoot development occurred (Figure 2E). However, 
the callus and shoots eventually turned a brown color and died (Figure 2F), 
Although the callus was repeatedly subcultured on basal media, some of which 
contained activated charcoal, this degenerative process could not be prevented. 
Discussion 
Micropropagation using terminal bud clusters 
While it was not possible to produce rooted seedlings from the bud clusters 
cultured in vitro, this technique may still show some promise as a means of mi-
Figure 2. Tissue cultures derived from excised red pine embryos plated on M-S media containing the 
specified supplements. Unless otherwise indicated, the cultures were 2 weeks old when the 
photos were taken. All photos were taken at the same magnification; the length of the callus 
in (B) is ca. 1 cm 
(A) An embryo plated on basal media 
(B) Callus derived from an embryo plated on media containing 1.0 pM BAP 
(C) Callus derived from an embryo plated on media containing 1.0 pM NAA 
(D) Callus with adventitious shoots derived from an embryo plated on media containing 1.0 
pM BAP + 0.1 pM NAA 
(E) The culture from (D) subcultured on basal media at 4.5 weeks and allowed to develop for 
an additional 1.5 weeks 
(F) A ten-week-old culture which had been subcultured on basal media 2 times, at one month 
intervals. The final medium contained activated charcoal (5 g/1) 
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cropropagating red pine. In a recent article by Zel et al. (1988), a very similar 
approach was taken Mvith. Pinus sylvestris. However, these authors were able to 
recover elongated shoots for rooting by: 1) separating the buds when they were 
about one millimeter long, 2) providing the buds with a pulse of BAP (111 jiM for 
two hours), 3) plating the buds on media (M-S) containing reduced levels of 
sucrose (2% instead of the usual 3%), and 4) exposing the buds to far-red light 
(690 to 720 nm) for eight hours immediately after plating. In light of their find­
ings, it may prove fruitful to repeat the procedure of Zel et al. using red pine. 
Clonal propagation via organogenesis 
Based on the work of Gupta and Durzan (1987), it would appear that at least 
two modifications need to be made in order to successfully propagate red pine via 
embryo expiants. The first concerns the interval between subculturings. Cell 
browning followed by death of the callus are widespread occurrences in pine tis­
sue culture. These authors were able to avoid this outcome, and maintain their 
callus cultures for over one year, by subculturing every 10-12 days. This is a 
much shorter interval than was used in the present study (about 30 days). 
The second problem concerns the nature and developmental stage of the 
expiant source. Gupta and Durzan (1986) were able to repeatedly induce somatic 
polyembiyogenesis (as opposed to organogenesis) from a "proliferating embiyon-
al-suspensor mass" derived from seeds harvested about four weeks after fertili­
zation in P. lambertiana and in P.taeda (Gupta and Durzan, 1987). The develop­
ment time and morphology of these induced embryos were very similar to those 
found in the early stages of zygotic embryogenesis. When the embryos derived 
from embryonal-suspensor masses were grown on basal media without supple­
ments and with 0.25% (w/v) activated charcoal under continuous light, complete 
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plantlets were formed. However, these authors had very little success when us­
ing suspensor cells or embryos derived from mature seeds or when using imma­
ture female gametophyte tissue that was not attached to suspensor cells. There­
fore, in future attempts to clonally propagate red pine, the use of immature em-
biyonal-suspensor masses should be strongly considered. 
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APPENDIX C: THE RELATIONSHIP BETWEEN FRESH AND DRY WEIGHTS 
Introduction 
Plant growth regulator content is most often expressed on a per gram fresh 
weight basis. However, the red pine tissue that was used for the qualitative cyto-
kinin determinations had to be freeze-dried for transport to Aberystwyth, Wales, 
where the analyses were conducted. In order to convert the dry weight of tissue 
being extracted to its fresh weight equivalent, a relationship between fresh 
weight (FW) and dry weight (DW) had to be established. Because root and shoot 
material were to be extracted separately, a FW/DW quotient was needed for each 
tissue type. 
Procedure 
Three groups of seedlings were harvested on three separate dates. The seed­
lings harvested on 6/29/88 were planted on 2/1/88, those harvested on 8/1/88 and 
9/16/88 were planted on 2/19/88 and 5/19/88, respectively. Harvests were per­
formed by removing seedlings from their containers, shaking away as much pot­
ting mix as possible, rinsing the roots with tap water, separating the roots from 
the shoots by severing the stem one centimeter above the first lateral root and 
shaking away the excess water. 
The material to be taken to Aberystwyth had to be frozen immediately, in 
order to preserve its physiological state at the time of harvest, so fresh weight 
determinations could not made on this material. Instead, a five to ten percent 
sample of the seedlings from each harvest were randomly selected to obtain es­
timates of shoot and root FWs. After shaking away the excess water, roots and 
shoots from these seedlings were dabbed with a dry paper towel and allowed to 
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air-dry for three to five minutes before weighing. These seedlings were then dis­
carded. Their average root and shoot FWs were multiplied by the number of 
seedlings in each harvest, to obtain an estimate of total root and shoot FWs. 
The plant material from each harvest that was to be taken to Aberystwyth 
was immediately frozen in liquid nitrogen and then stored at -70°C until freeze-
drying, after which it was weighed in toto. The total root and shoot FWs for each 
harvest were divided by their corresponding DWs to obtain three FW/DW quo­
tients, which were then averaged. 
Results 
Fresh and dry weight data for the roots and shoots and the number of seed­
lings contributing to these estimates in each harvest are listed in Table 1. 
Discussion 
Provided that the freeze-dried tissue is weighed prior to extraction, the aver­
age FW/DW ratios appearing in Table 1 can be used to express the hormone con­
tent of each extract on a per gram fresh weight basis. 
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Table 1. Average fresh and dry weight data, by harvest date, of four- and seven-
month-old red pine seedlings 
Avg. Tot. Tot. Wtd. Avg. 
TT-HD» F# FW DWd FW/DW FW/DWe 
S-1 3.21 (12, 0.117) 832.2 79.9 10.4 
S-2 3.47 (14, 0.267) 909.1 132.6 6.9 7.8 
S-3 0.52 (27, 0.038) 150.8 21.1 7.1 
R-1 2.22 (12, 0.073) 574.7 196.6 2.9 
R-2 2.65 (14, 0.219) 694.3 269.5 2.6 2.4 
R-3 0.35 (27,0.023) 101.5 48.6 2.1 
®rT=tissue type (S=shoots, R=roots); HD=harvest date (1=6/29, 2=8/1, 
3=9/16/88). 
^Average root and shoot fresh weights. Based on a 5% sample. The numbers 
in parentheses are the sample size and standard error of the mean, respec­
tively (n, SEM). 
"Tot. FW=estimated total fresh weight of the material from each harvest that 
was freeze-dried. Obtained by multiplying the averaged FW of roots and 
shoots, from the 5% sample, by the number of seedlings that contributed to 
the DW estimates (259, 276 and 290 seedlings for dates 1-3, respectively). 
^ot. DW=total dry weight of all material from each harvest that was freeze-
dried. 
®Wtd. Avg. FW/DW=weighted average ratio for all three harvest dates. 
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APPENDIX D: REVISION OF THE AMARANTHUS ASSAY 
Background 
Because of the speed with which the Amaranthus assay can be conducted, it 
continues to be very popular for detecting and quantifying cytokinins (CKs) in 
plant extracts enroute to more exacting chemical analyses. However, the pub­
lished protocol for this assay (Biddington and Thomas, 1973) lacks the sensitivity 
desired in work of this kind. All bioassays require destructive sampling; the por­
tion of a fraction that is assayed cannot be recovered for further purification and 
analysis. By improving the sensitivity of this assay, less sample needs to be sac­
rificed and more is available for further characterization of the biological activity. 
Utilizing less sample per assay leads to a reduction in the amount of tissue need­
ed and a substantial savings in time and supplies. 
In order to achieve this improvement in sensitivity, several changes have 
been made in the published protocol. The first concerns the volume of distilled 
water (dHgO) used for extracting the cotyledons. Biddington and Thomas recom­
mended using three milliliters (ml). Because a given amount of pigment will 
absorb more light when it is concentrated, a lower absolute amount of pigment 
can be detected in a smaller volume of water. With this in mind, the cotyledons 
were placed in 800 microliters (pi) dHgO for freezing and thawing rather than 
the recommended volume. Biddington and Thomas also recommended two 
freeze/thaw cycles to rupture cell membranes and release the water-soluble pig­
ment. Because residual pigment was observed in cotyledons that had undergone 
three freeze/thaw cycles, the cotyledons were extracted using five freeze/thaw 
cycles. 
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Once the pigment extraction was completed, Biddington and Thomas recom­
mended measuring the optical density of the extract at 542 and 620 nanometers 
(nm). The former is a wavelength of light absorbed by the pigment, the latter is 
not. The reading taken at the second wavelength is subtracted from the first in 
order to compensate for suspended debris which reflects, absorbs and scatters 
light. Although it was not suggested by Biddington and Thomas, extracts were 
centrifuged at 11,600 g for 10 min, before making absorbance determinations to 
remove this source of interference. 
To determine the wavelength of maximum absorption by the pigment, nu­
merous extracts were scanned over the entire visible range of the electromagnetic 
spectrum. Each time, the wavelength of maximum absorption was determined to 
be 535 nm! Because the range of wavelengths in which the pigment absorbs is 
narrow, taking absorbance readings seven nm away from the maximum has a 
dramatic affect on the outcome. Therefore, optical density measurements were 
taken at 535 and 620 nm in all the bioassays performed during the work des­
cribed herein. This work was subsequently repeated in another lab, using a diff­
erent spectrophotometer and a different source of Amaranthus caudatus seed. 
Once again, the wavelength of maximum absorbance was 535 nm. This confirms 
that the spectrophotometer used in the original work was properly calibrated. 
Finally, assays were performed in five-centimeter (cm), glass Petri dishes. 
Even though the dishes were thoroughly washed with detergent and rinsed with 
tap water and dHgP between assays, there was a marked decline in sensitivity 
when the same dish was used repeatedly. It was thought that an inhibitor pres­
ent in the plant extracts was adsorbing to the glass and was gradually released 
during the incubation phase of the assay. To prevent this inhibition, the Petri 
dishes were soaked overnight in chromic acid and rinsed with tap water before 
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being washed in the usual way. 
Revised Protocol 
Sowing 
Seed (0.70 g is sufficient for ca. 32 assays) was aligned in rows on one layer of 
Whatman 3MM chromatography paper (ca. 15 X 25 cm), saturated with glass-
dH^, in a plastic seed tray with the holes in the bottom taped. A little excess 
dHgO was left in the tray to compensate for evaporation and imbibition. The 
tray was covered with aluminum foil, wrapped in a black plastic bag and stored 
at 25°C for 96 hr. 
Sample transfer 
Samples to be assayed were dissolved in methanol (MeOH) and transferred 
to chromic acid-cleaned, numbered, glass Petri dishes containing one 4,25-cm 
Whatman no. 1 filter-paper disc. Unused discs were sealed in an air-tight con­
tainer. The MeOH was allowed to evaporate off in a fume hood. Plates were 
covered with a wide mesh screen, thus allowing the MeOH to evaporate but 
prevent the filter discs from blowing away. 
Preparation of BAP standards 
Using a 1 lag/jil N^-benzylaminopurine (BAP) stock solution in ethanol 
(EtOH), a IX 10"5 M working solution was prepared. This was diluted, serially, 
to arrive at the following concentrations: 1X 10"6 5 X10"^, 1X lO"*^, 5 X 10"® 
and 1X 10"® M. One ml of each standard and the zero controls (only EtOH) were 
pipetted into replicate plates lined with Whatman no. 1 filter paper, and dried as 
described above. 
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Preparation of phosphate bitffer 
To the desired volume of 2.1 g/1 NaH2P04,1.9 g/1 Na2HP04 was added 
dropwise until pH 6.3 was achieved. This was added to sufficient L-tyrosine to 
achieve a final concentration of 1 mg/ml. The flask containing the buffer was 
covered with aluminum foil and heated, swirling occasionally, until L-tyrosine 
was dissolved. The bufifer was then allowed to cool to room temperature. 
Samples/standards dissolved in buffer 
After evaporation of the alcohol from sample and standard plates, 1.0 ml of 
buffer was added to each dish. (N.B. After covering the dish with its Hd, it was 
tilted and swirled gently to rinse the sides of the plate because the MeOH and 
EtOH adhered to the side of the dish and some sample/standard could be left on 
the sides of the dish.) 
Cotvledons assigned to dishes 
Ten sets of 96-hour-old cotyledons were systematically assigned to each plate, 
one at a time. This was done in a very dimly lit room. The seeds were sown in 
rows to easily select a group of seedlings at one time with forceps. These were 
laid on a clean piece of glass. The upper one cm of the seedlings (cotyledons) was 
cut firom the entire group simultaneously with a clean, single-edged razor blade. 
Cotyledons were transferred to plates, one set at a time, in series, to avoid bias. 
(One tends to select the larger seedlings first and there may be some variability 
in betacyanin production between size classes.) After there was one set of cotyle­
dons per dish, the process was repeated until there were 10 sets of cotyledons per 
dish. 
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Incubation 
The 3MM paper and unused seedlings were removed from the tray and the 
excess dHgO shaken out. The dishes were placed in the tray, covered with alumi­
num foil, inserted in a black plastic bag, and stored at 25°C for 18 hr. 
Pigment extraction 
Eight hundred microliters (or less, depending on the size of the cuvette to be 
used for spectrophotometric readings-the less the better) of dHgO was added to 
enou^ Ependorf tubes to have one for each dish. With forceps, the cotyledons 
were transferred from each plate to a correspondingly numbered Ependorf tube, 
making sure the cotyledons were completely submerged. The Ependorf tubes 
were placed in an aluminum tray with dividers, and transferred between a glass­
ware-drying oven (ca. 60PC) and a -20PC chest freezer every 30 min. After five 
freeze/thaw cycles, the Ependorf tubes were shaken vigorously for about 10 
seconds and centrifuged at 11,600 g for 10 min. 
Spectrophotometry 
The supematants were added to a small-volume (600 ul) quartz cuvette and 
read at 535 nm and 642 nm in a spectrophotometer, in the dual wavelength 
mode, so as to record the difference in absorbance (AA) at the two wavelengths. 
Results 
Each time a plant sample was bioassayed, a duplicated set of BAP standards 
was also assayed. The same BAP concentrations were used each time: 1.30 X 
10-8,6.52 X10-8,1.30 X 10-7 6.52 X 10-7, and 1.30 X10-6 M. In addition, a zero 
control was tested each time. The average response for 10 such assays is plotted 
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in Figure 1. 
At one point it was thought that red pine contained zeatin 7-glucoside (Z7G). 
Although Letham et al. (1983) have tested the sensitivity of ûieAmaranthus as­
say to various glucosides, Z7G was not included in their trials. Therefore, a se­
ries of Z7G standards (1XIO"®, 1X10"^ and 1X lO"® M) was assayed in parallel 
with the usual BAP standards. The results of this work are also shown in Figure 
1, where they are plotted next to their closest BAP equivalent (concentration). 
Discussion 
Using the protocol of Biddington and Thomas (1973), the minimum detecta­
ble concentration of kinetin is 5 X10"® molar (M; Horgan, 1984). Employing the 
revised protocol outlined above, it was possible to detect 1-5 X 10"8 M BAP. The 
sensitivity of ûieAmaranthus assay to kinetin is probably not equivalent to that 
of BAP, so a direct comparison is not possible. However, the response of zeatin is 
comparable to that of BAP and LaMotte (1990) has shown (unpublished data) 
that, using the Biddington and Thomas (1973) protocol, ûieAmaranthus assay is 
capable of detecting 10"7 M zeatin. Therefore, it may be possible to detect as 
little as 10-9 M zeatin using the modified procedure. 
Further improvements in sensitivity of the assay can be achieved by 1) ex­
tending the incubation time, 2) increasing the number of cotyledons used per 
assay plate and 3) reducing the volume of water in which the cotyledons are 
extracted. Biddington and Thomas recommended incubating the cotyledons at 
25°C for 18 hr. Recently Vallon et al. (1989) have shown a lag phase of 16 hr. 
between CK application and amaranthin production. These same authors 
showed that after a 20-hr. incubation, 56% more pigment was isolated than after 
a 16-hr, incubation. With this in mind, the incubation period should be extended 
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from 18 to at least 20 hr. Biddington and Thomas also recommended using ten 
cotyledons, but increasing the number used per assay will result in more pigment 
being synthesized in response to a given concentration of CK. Reducing the vol­
ume of water the cotyledons are extracted in will concentrate the pigment that is 
produced. Of these two options, the first one offers the greatest opportunity for 
improving sensitivity because there is a minimum volume of water needed to 
extract the cotlyedons. In addition, the capacity of the cuvette used for taking 
optical density measurements may be a limiting factor. 
Figure 1. Amaranthus bioassay results for BAP and Z7G. The average 
responses at the indicated BAP concentrations (darkened bars), 
were derived firom 10 assays (n=20). The average responses for the 
Z7G concentrations tested (1XIO"®, 1X10"^ and 1X 10 6 M) were 
derived firom a single assay (n=2) and plotted (open bars) next to 
their closest BAP equivalent 
0.45-= 
0.40-= 
0.35-j 
0.30-i 
0.25-= 
5 0.201 io : 
( 
I 
0 0.13 0.65 1.3 6.5 13.0 
[Cytokinin] (mol/1 X10 
Literature Cited 
Biddington, N. L. and T. H. Thomas. 1973. A modified Amaranthus betacyanin 
bioassay for the rapid determination of cytokinins in plant extracts. Planta 
111: 183-186. 
178 
Horgan, R. 1984. Cytokinins. Pages 51-74 in M. B. Wilkins, ed. Advanced plant 
physiology. Longman Scientific and Technical, Harlow, Essex, England. 
LaMotte, C. E. 1990. Personal communication. Professor of Botany, Iowa State 
University, Ames, Iowa, 50011. 
Letham, D. S., L. M. S. Palni, G.-Q. Tao, B. I. Gollnow, and C. M. Bates. 1983. 
Regulators of cell division in plant tissues XXXIX. The activities of cytokinin 
glucosides and alanine conjugates in cytokinin bioassays. Journal of Plant 
Growth Regulation 2:103-115. 
Vallon, U., J. A. Graf, and U. KuU. 1989. Influence of calcium and calcium and 
calmodulin antagonists on the cytokinin-induced amaranthin accumulation 
inAmaranthus tricolor. Journal of Plant Growth Regulation 8(2); 81-92. 
